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PREFACE 


There is much information and data published on 
metals and alloys for use at temperatures exceeding 1000°7, 
Unfortunately much of the data is presented in a factual manner 
with a minimum of interpretation and correlation. /fFrem such a 
mass and maze of compositions, temperatures, times, tests, 
methods and many other variables it is difficult to zet a clear 
picture of just what is desired in a metal or alloy fer use 
at high texyperatures, 

There are several reasons for this state of affairs. 
Only comparatively recently have steels, for example, been sold 
primarily on the basis of mechanical properties rather than on 
the basis of chenical compositions. 

High temperature alloys were needed in a hurry for 
gas turbines, jet engines, turbosuperchargers, and other military 
applications during the recent war. Time sinply was not available 
to make fundamental studies of phenomena occurring at elevated 
temperatures, As a result many varied and diverse alloys were 
manufactured, The successful alloys were so deemed on the basis 
of final performance in the application whieh ie quite logical, 
but there was not a standard system of laboratory testing on which 
one could rely to rate the various alloye prior to the service test, 


Thus the results were highly empirical, One satisfactory alloy 
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might have three or four alloying elewents while another right 
have ten alloying elements, 

In order to arrive at some body of general information 
and considerations whieh might be applied to selection of metals 
for use at elevated temperatures, an attempt has been made in 
the following report to classify existing mowledge wnder various 
mechanical and physical properties, 
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In 1948, a report by Scarborough (1) traced the develop- 
ment of heat resistant materials. The coverage given by him can 
best be surmed up by a duplication of the table of contents 


of his report. 


Ll. Introduction 
It. Elevated Temperature Work 
a 


intergranular corrosion 
high temperature strength and ductility 
fracture 


alloys and alleying elenent effects 
Til. valuation of Elevated Temperature Material 


data and correlation 
creep 


IV. Recent High T emperature Work (1939 =- 1948) 
new fields 





alloys 
Cr ~ Ni = Co = Fe alloys 
comparisons and preperties of super alloys 





V. Future of Heat Resistant Materials 


Some of the material in the present. report overlaps to 
a certain extent the material of the earlier report by Scarborough, 
but overall the organization and emphasis is radically different. 
In line with the more modern approach of studying steels for examle 


by classifying them according to structure and of specifying 
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steels om the basis of mechanical properties and hardenability, 
as little referenee will be made to specific chesical composi- 
tions and individual alloying elements as ie consistent with 
understanding the remarks herein, In other words, more impor 
tance is ascribed to the properties of the particular alloy 
than to the composition sinee the alleying clements are only 
one of the wany variables such as melting, ingot practice or 
casting, working, and heat treatrent which determine the 
mechanical properties of the alley, Of course there are excep- 
tions to the above where an individual element is very inpor- 
tant such as the necessity of having chromium present in suffie- 
ient amount for corrosion resistance, graphitization eas a result 
of an axcess of silicon with sufficient earbon, and the non-pre- 
tective nature of the oxide of molybdenum, These exceptions 
with several others are discussed in the appropriate sections 
of thia report, 

While on the subject of the effect of specific alloying 
elements in heat resisting steels, it might be remarked that 
Bain (2) has presented the general eubject of alloying elements 
in ateel and Dobkin (3) has deseribed the effects of alloying 
slemnents in heat resisting steels, 

we O. Dinder (19) has classified high temperature alloys 
in the following manner: 
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A. Work-hardcened alloys 


le Up to 70% Fe 
2. Cold worked austenitic structure 
3. High yield strength 






4s Limited to 1350°F. service teaperature 


B. Heat-treated alloys 
1, bon~titanium bearing 


Be Up to 30% Fe 

b, Face sentered oudle lattice structure 

ec. Lower yleld strength than class "A* 

d. Subject to change in solid solubility 

6, Greater high temperature strength than 
class ta" 


2. Titanium bearing 
@. Up to 55% Fe or not less than 6% iron 
with balance nickel and cobalt or nickel 
B. Face centered cubic lattice 


©, Characterized by high yield strength 
4. Ldndted to about 1350° service temperature 


GC. Gast alloys 
Le Cobalt-base types 
a. Oontain up to 1% iron 
b. Face~centored cubic lattice 
co. Moderately high yield strength 
d. Subject to solid solubility : 
6. “Greater high temperature etrength than clase “B* 
2. Chromium - base alloys 
&. Contain up to 25 percent lron 
b,. Body-Centered cubic lattice 
ec. Extrenely brittle at rocs temperature 
ad. Possess high strength at elevated temperatures 
The above classification is not the only claseification 
given to high temperature alloys in the last few years, It is 


probably not the best or most complete outline. But there are 
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several interesting points te note on it. The alloys have been 
grouped as cast or wrought, heat treated or work<-hardened, 

and referereo is made to lattice structure, solid solubility, 
yield strength, high temperature strength, and ductility. In 

the earlier days of high temperature metallurgy, just a few years 
ago, it was believed that high temperature strength could be 
inereased more expeditiously by varying composition and keering 
processing variables constant (19). This resulted in a large 
number of complex composition whieh defy systematic classification, 
Yet it was noted that most of the alleys ware subject to solid 
solubility changes at 1200 ~- 1600°F. It is logical to assume 

then that theee alloys are similar in that they probably get their 
strength from the alloying elements by the same vechanien, 

In order to properly evaluate an alloy for an enineering 
application one must lmow the conditions of operation of the piece 
of equipment, For example the selection of material for the inner 
wall of a ecoled, liquid propellant rocket moter (16) would be 
on a different basis than the selection of material for blades of 
@ gas turbine (23), (24), (29), (30). The gas turbine and turbe- 
supercharger are very much alike except in one respect - size. 
Thum (41) has said: "It ie one thing to build and blade a small 
disk for a turbo-eupercharger which operates at say 1500°F. maximm 
but at fairly low centrifugal stress, and another thing to construct 
and mount a similar blade, which may be fifty times as heavy to 
run at peripheral speeds exceeding the velocity of sound, This 
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transition is so difficult that the was turbine, so far, is 
designed to run 200 or 300 degrees F. cooler than the turbo- 
supercharger despite the fact that thermodynamic efficiency 
increases faster than temperature. Tine of operation must 
also be considered. Is the turbine expected to run a maximm of 1000 
hours or is the expected life to be 100,000 hours? Is operation 
to be steady such as a power house application or is operation 
to be cyclic such as in a transportation application? 

In order to restrict somewhat the many ‘sceted problem 
of evaluating high temperature alloys, the bulk of this report 
will be concerned primarily with properties of interest with respect 
to material for gas turbine rotors and blades, ‘he rotor and blades 
of a gas turbine are perhaps the most difficult apslication to 
meet since the temperature of the blades is ligh, the stress system 
is complex to the point of being insoluble, and just about all of 
the properties and tests associated with high temperature alloys 
must receive consideration, A schematic dlacram of a gas turbine 
photograph is shown in Figure l, 

Originally, it was planned to describe testing methods and 
equipment in some detail. But due to limitations of time, it was 


decited to make rather brief limited references to testing equip~ 
nent. Complete deecriptions of the equipment menticned may be found 
in the articles referred to in the bibliography. 

Evans (30) hes presented the points which must be considered 


in evaluating materials for gas turbine service in a wique manner: 
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Oxidation, corresion 

Thermal expansion 

Thermal conductivity 

Effect of fluctuations in 

exposure 

Stress - to ~ rupture 

Creep 

Creep relaxation 

Unknown factors Tine 
(expected service life) 

deformation) 

Effeet of fluctuations 

Effect of concentrations 

Fatigue 


Danuping eapacity 
Streas 


According to Evans, the design engineer first specifies the 
limiting conditions of stress, strain, tins, and tempereture. 
Then the metallurgist selects the proper material considering 
the factors listed inside the box, always with the four liviting 
conditions of wiress, strain, time, and temperature in mind, 

The Timken Roller Bearing Company (134) employs the following 
tests depicted in the diacrarmatic sketch below 4n determining the 


suitability of steels for high temperature service, 
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Heat Surface Stability 
Tests ' 
Treatment Cofrosion teste 
ess te ole 
Vetallograph.s eraminhe- 
tion of surface cf 
prolonged rupture sfwei- 
ens 
Metallcographic pxerinesion 
of creep and sbrevs-rugVure 
specinens 
Structurel Room temperature 
Stability Tests Tensile and impact tests 
on conpleted creep sprci- 
mens 
Heat erbrittlenent tests 
ot ductility Ductility charecteri stic 
under stress and or atress-ruglure 
prolonged time specinens 
hock resistance Hot impact taste 


at elevated tem 
peratures 





the reason for presenting the classifications of 
high temperature alloys, of properties to be considered, and 
of tests usually performed has been to illustrate the basis 
upon which the major polnts of this report were selected, 

The table of contents serves as an outline for the 
material of this paper. The items listed under each major 
tople are incorporated into the subject matter with the following 
emphasis in ulads 


For example: 
Creep 
A. Theory or present. statue 
B. Application 
C. Current exp work 





While the toples have been physically separated for purposes of 
classification, it must be remexbered that they are dependent 
on each other to a very large degree. 
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In reviewing the literature of high temperature 
netallurgy, the reader very frequently encounters the 
statement that strength, toughness, and ductility are desi- 
rable in alloys for use at high temperature (48), (65), (76). 
Strength and toughness are rather obscure terms; no one can 
really give a binding definition for either of them. Ductility 
is usually associated with elongation or reduction in area. 
Toughness is usually associated with notch sensitivity. Very 
often, toughness and ductility are loosely referred to as a 
single property or characteristic, 
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Equi-cohesive temperature (136) is associated with 
strength and temperature (34), (60), (63). This temperature 
is defined as the teaperature above which the material fails 
with a relatively brittle fracture which follows grain boun- 
daries or (phase boundaries), and below which failure oecurs 
as a relatively ductile process in a transcrystalline manner, 
Another way of stating the definition is that it is the tempera- 
ture above which a material faile by cleavave due to strain 
rate, rather than by slip. Some people have objected to the 
use of the term equi~cohesive temperature on several grounds (63) 
while other investigators have used the term in a purely descrip~ 
tive manner, The principal objection is that the time of appli- 
cation of stress deturmines whether the fracture is brittle or 
ductile. Thus the equi-cohesive temperature is not a true constant. 
This subject is developed further in the sections on creep, stress 
rupture, and hot tensile testing, 

Some very fundamental studies have been made by Osipov 
recently on the principles of alloying of het strength metallic 
alloys (35), the relation between the nelting temperature and 
the high temperature strength of alloys (36), and factors in 
the high temperature strength of heterogeneous alloys(37). 

Osipov has considered the general aspect of the hot strength of 
homogenous solid solutions having B.C. C. and F. C. C. structures 
on the basis of the H(E) curves for iron, N(&), the density of 


electron states, in and ¥ irons ie plotted versus , the energy 
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of the electrons in Rydberg wmiits. Electrons must change their 
energy and distribution in the crystal structure when the metal 
is plastically deformed. The probability of redistribution 

4s lower (therefore the resistance to deformation is rreater) 
the fewer are the permitted states of electrons in the upper 
occupied levels. Osipov then states the following principle: 

"A homogeneous solid solution with a minimum density of electron 
states in the region of the higher occupied levels of the ¥ (€) 
curve must possess the raxinam heat resistance," The addition 
of a B.C. C. element toa F.C. C. solvent results in creater 
hardness and strength at high temperatures as a result of non- 
unifornity of the electren distribution, Metals with different 
crystal structures and widely separated in the periodic table 
tend to form intermetallic compounds. The electron distribution 
in such metals also differs sharply, so an increase in strength 
of a F. C. C. solid solution may be expected when several alloying 
elements that form internetallic compounds among themselves are 
added. 

Osipev explains the relation between melting temperature 
and high temperature strength in this manner, Near the tempera- 
ture of erystallization, the liquid and solid have much in commor 
in the distribution of atoms, in the character of thermal motion, 
and in the forces of interatomie interaction. Uxperimental data 


on fron~chronius, Lron-nickel, cobaltenickel, and manganese-nickel 
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alloys confire the above views to a certain extert. The 
mechanical strength of the above alloys was evaluited at 11L00°C 
by the method of Korndfov. In this method, the alloy showing 
the least deflection wider the action of centrifugal forco has 
the best high temperature etrength. 

In another article (37) Osinov atteayts to explain 
the reason why the high teaperature strength of some hetero,eneous 
alloys is less than the strength of the single-phase alloy, whiie 
in other syotema, the reverse is true, The transition sone that 
exieta between the crains of a single-phase alln; as coe.pared 
with the wone between the two different phases in a heterogeneous 
alloy appears to be the faetor of main importance. The sechanisa 
of flow is assumed to be the same as that of diffusion, If the 
melting point of the transition sone is low, diffusion of this 
grain boundary caterlal into adjoining grains oceurs rayidly. 
Futeetic syetems have lower melting temperatures than the jure 
phases. Therefore the high temperature atrength is lower for 
hetgroreneous alloys in eutectic systems than for the sinzle phase 
alloy. 

The rercarks of Osipov, stated above, are based on rather 
meager experinental evidence but do indicate an approach to the 
subject of creep strength and rupture strength, for example, whieh 
is necessary to arrive at some conclusions that may be relatively 


free of anomalies, 
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Dactility has been a controversial subject in the 
field of high temperature alloys, and recently creater emphasis 
has been placed upon the pereent elongation caused by applied 
stresses over varying time periods (11). In eyclie operations 
of machinery (heating ~ cooling ~ heating) 1f plastie flow 
from thermal stresses oceurs on eaeh high temperature phase of 
a cycle, high stresses may result each time the rinimum tempera~- 
ture is reached. In situations like this, meny engineers will 
specify roo» temperature ductility as the major or primary 
requirement relying upon the ability of the material in changing 
ite size to redistribut and reduce the thermally induced stresses (48). 
In many cases a minimm elongation of 5% in 2000 hour stress rup- 
ture test is considered desirable (11). Cross and Simmons (47) 
have said: " However, low room-temperature ductility dees not 
necessarily mean inadequate duetility at the elevated temperature 
of operation, and the millions of these cast buckets that gave 
satisfactory service are sufficient proof that the final answer on 
ductility is in an actual service test and not in an arbitrarily 
chosen standard of ductility in the laboratory." Cross and Simmons 
are referring to vitallium buckets in turbosuperchargers in the 
statement above, They are not objecting to ductility, per se, 
but to the method of evaluating it, since the fact that the vitallium 
turbosupercharger blades performed satisfactorily under cyclic 
operating conditions would indieate that local elongation occurred 
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during periods of overload aad sufficient relief of stress 
concentration as a result of cooling was accomplished (11) 

to prevent failure, Siegfried (127) favors describing the 
behavior of a steel under stress at elevated temperatures by 

twe strength values ~- the resistance of the material to 
deformation and the resistance of the material to fracture, 
Resistance to deformation is defined as the limiting stress 
under whieh a cessation of creep eventually takes place, 
Resistance to fracture ia represented by the load resulting 

in deformationless fracture after an infinite length of time, 
Resistance to deformation might be determined by a relatively 
short time test provided that the internal structure of the 
interior of the test specimen would not change during extension 
of time beyond that at whieh limiting stress occurs and provided 
further that the surface of the test specimen remained unaffected 
by ambient conditions. With the above requirements in rind, 
whieh incidentally Siegfried did not consider, Siegfried sucgests 
a conbination short time, long time test on notched bar specimens 
in tension in which the resistance to deformation and the resistance 
to fracture are obtained, 
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There really is no generally accepted theory on 
the wechanism of creep. Andrade, Kanter, Seitz, Orowan and 
others have advanced theories, but for the most part these 
are in turn dependent on other theories and assuxptions whieh 
are not universally aecepted. Such ideas as viscous flow at 
grain boundaries and within grains(Andrade 137), viscous flow 
as a diffusion process (Kanter 138), dislocation theory applied 
to transient creep (Selita and others 144), and micro creep in 
sous crystals imposing an elastic stress upon other crystals 
(Orewan 139) have been suggested, It is not the intent to dis- 
cuss these theories for the reason offered above, 

Interpretation and presentation of creep data has 
appeared in several variations, McVetty and Nadsi (1/1) have 
introduced a nethod which involves the establishment of a 
hyperbolie sine relationship between the xinimunm creep rate and 
strese over a range of temperatures, By cross plotting, a simi- 
lay relationship is established between the miniwun creep rate 
and teuperature over a range of stresses, A sirilar procedure 
is followed with respeet to the deformation obtained during the 


first stage of creep. From a combination of the above cata curves 
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of total daforwation versus tize over a range of stresses 
at constant temperature are plotted, ‘Sets of curves say be draw 
over the entire range of temperatures used, For a complete 
discussion of the application of this aethod see reference (142), 
This particular method has sosewhat Limited value sinea applica- 
tion of the above chart is restricted to tests at exaetly the 
seme temperature, Even slight variations in temperatura result 
in a rarkec cerarture fro: these curves, 

Creep data are usually plotted on eurves as shown 
in Figures 2 and 3. The creep curve thus consists of thres seq 
tions; transient creep, secondary creep, and tlird stage creep 
just prior to rurture. In general the greatest interest is in 
the section of the curve known as secondary or uniform creep, 
According to ASTM designation E22 ~ 4i results of the creap test 
may be plotted in the following manner: (145) 

(a) “Extension-time curves should ove plotted on 
ordinary reetangular coordinate paper at 
amply large seale, and sueh curves should 
state whether or not elastic extension ies 
{ueluded and, if se, what it ia, Tircwe is 
preferably expressed in hours," 

(6b) for a particular temperature, log-log plots 
of stress versue rate of creep are desirable, 
Sueh plote are useful within the lirdits of 
determined values, 

(c) For each saterial a plot of log strength 
versus temperature is desirable, For the 
higher temperatures, sueh plots a,proach 
straight lines although the plotting of 
data on sexllog charts often results in 
a atraight line relationship, extrapolation 


of such lines has been found to be unjusti- 
fied," 
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Fisure 4 Curves for designers. (30). 





Log secondary creop rate 2 


Fisuro 5. (30) 


Creep data has been the successful basis of design 
for steaz turbines to operate at temperatures up to 950°F 
with an expected life of at least 10 years (30). Particularly 
where close tolerances must be maintained, design is based on 
creep strength. For example, stean turbine parts are designed 
on the basis of 1% elongation in 100,000 hours (11). The origi- 
nal Eliiott gas turbine wae designed for a life of 10 years and 
for stresses in the neighborhood of 6-8000 pel (24). 

Although it has been mentioned that the main interest 
is in the second stage or unifors creep part of the creep curve 
the initial amount of deformation from transient creep must be 
considered in design calculations. Creep curves for various 
temperatures are generally parallel, Two groups of curves each 
with parallel slopes may axist ~ one group for temperatures above 
and the other croup for teuperatures below the reerystallization 
temperature, 

When suffielent creep and stress to rupture data exist, 
so called design curves are plotted (106)(30). The design curves 
as illustrated in Figure 4 give stress for a given temperature 
that will produce a certain deformation in a given time, Common 
practice for designers 4s to design with a strees which will result 
in a eecondary cree; rate of .001% per hour for 1000 hours or a 
factor of safety of 50% is applied to the strees which will produee 
a creep rate of 0.01% per hour for 1000 hours, Quite often the 
extension in the transient stage of creep is approximately equiva~ 
lent to the extension in the secondary stage of creep for 1000 hours(30), 
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The rules of thumb above are strictly empirical. The "transition 
point curve" is plotted from the stresses and corresponding times 
when the creep rate inereases to 10% above the secondary rate. It 
is important that the designer choose or design the structure for 
stresses which will not cause extensive elongation for time periods 
ever 1000 hours since very little data has been obtained about the 
ability of the various metals and alloys to deform for long periods 
of time without premature fracture, For this reason, the designer 
should probably stay well elear of the transition point curve and 
limit stresses to the .1% eurve if he expects the structure to 

last ten years (30). In 1942, the Ceneral Electric Company completed 
a series of 100,000 hour creep teste at &42°F on SAE 4330", To 
illustrate order of magnitude figures: 


1. 25,000 psi stress cawed third stage creep after 
70,000 hours, 


26 P, 000, a and 13,000 pei caused constant 
secondary creep rate for 
full 100, 000 hours (30), 

842° 1s considerably below 1000°F, the minimm temperature in which 

the main interest of this paper lies, But it is interesting to com 

pare some of the above figures with data obtained on much higher 

alloyed steele or more complex alloys at higher temperatures, For 

exampae, Grant (60) in working on the development of alloys suitable 

for long - time operation in gas turbines te be operated at 1350°F 


*# See appendix I fer compositions 
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Hich temperature design information. Spread is 

due to difforenco in heat treatment . Hich crecp 

and rupture values above 1OOOF aro from material 

water quenched from 2150F. Tho lew valucs aro for : 
matcrial air cooled from 17O0F. 


to 1500° ¥ set up « gual of a miniow creep rate of 0.000018 
per hour (1% in 100,000 hours) at a stress of 7,000 pal and a 
temperature of 1500 f. 

Another se plotting creap data is to 
plot lg otress versus log of the secondary creep rete at various 
temperatures, These data plot as straight lines, as indicated 
in Figure 5, Sueh straight lines encourage interpolation and 
extrapolation, but there are some dangers in dolng this, Creep 
curves whieh have been eonducted for the purpose of obtaining a 
rate of deforsation tell acthing about the tiee it will take for 
a wetal to fracture under the loads applied, and nothing about 
when to expect fallure under lower loads (64), The reason for 
the above statement and the empirical statezents nentioned 
regarding preper selection of a safe rate 1s further explained 
together with the stress rupture test. 

After exaxining data on 15 of the older high tesrerature 
alloys, Nvane (30) has remarked that there may be as much as 100% 
spread 4n the strese necessary to produce secondary creep of 0.01% 
dn 1000 hours. This applies particularly for temperatures above 
1000° F. In Pigure 6, an ebmormal spread rurposely caused by heat 
treatment ie shown. The differences show here between bars air 
cooled from 1700°F as against bare water quenched from 2150°F sould 
be the result of water quenching small and large sections. Other 
factors of structures, melting practice, heat treatment, and working 


could aleo cause a spread in results. These effects are discussed in 
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the sections on structure, melting and casting practéie, heat 
treatment and working. . 

The creep test may not be the best test to use for 
an engineering application on a large scale. The test takes a 
very long time to run. For example, 10 years is approximately 
87,000 hours. Yet secondary creep rate values may be desired 
over a period of 100,000 hours. For gas turbine applications 
the strain measurements must be very aecurately taken since 
the creep rete is very small. Por example, if design is 
predicated on 1% total elongation in 100,000 hours - thie elonga- 
tion to be the result of secondary creep (uniform creep) = the 
extensometer or measuring device if taking daily readings would 
have to be accurate to the order of 5 millionths of an inch, 
Thie is so because a creep of 1% in 100,000 hours is equivalent 
to a creep rate of ,QOOOIS per hour or 2 x 107° inches per hour 
for a 2 inch gage length (64). During this great length of tine, 
the temperature must be maintained very accurately over the entire 
gage length of the specimen (53). It has been remarked that tempere- 
ture control on furnaces for creep machines should be -1C for tem 
peratures up to 900°C (59). For certain leads on certain materials, 
an increase of 10°F may double the creep rate. Expressing the creep 
rate in terme of percentage creep per hour the increase in the 
rate by doubling the minute initial rate does not appear to be 
alarming. However after a time such as 50,000 hours, the effect of 


doubling the hourly rate would be apparent in terms of total 
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elongation, The creep specimen must be kept in exact alignment 
during the Long time of test under a load of dead weights applied 
through a system of levers, Manjoine (56) has reported « screw 
driven creep ~ rupture teating machine whieh obviates the necossity 
of en extensometer and lever arze, and weights are wrolly eliminated, 
As was indicated in Figures 4, 5, and 6 a whole fanily of curves 
ie needed for a particular material to see what behavior may be 
reasonably expected at different loads or different tamperatures (54). 
With reference to curve A on Figure 2, it appears that there is 
mo neasurable elongation after the primary creep stare, but one cen 
not conelule that the specimen will withstand this strees indefinitely. 
The initlation of the acceleratin: rate of creep ultimately leading 
to fracture cannot ve securately predieted for given conditions of 
stress «und temperature from data based on tests carried out under 
higher streases and temperatures (55). 

In plotting ereep, the curves on different steele free 
quently cross. Thue a material which has excessive creep at a 
lover texperature may be an leprovenent over the other vaterial 
at a higher temperature (5), Thie Lea illuelrated by the following 


datas 
Stress for creep rate Lx 107° in/in/br. 
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(Other points noted in the above test: 


1. extension lees than .5% of gage length during 
first 24 hours, 


2. during next 40 hours, no further extension 


3. sensitivity of measurenent, 107 inches on a 
2 ineh gage length). 





The creep test was described as a test of materials 
for essentially long time application at constant tezrerature, 
Ae such the primary interest was in the secondary stage or 
uniform rate of creep, Wo particular interest was given to 
failure or ruzture while discussing the creep test. In practice, 
however, the rupture life of a material is of very great interest 
to the designer of gas turbines, In the starting of a gas turbine, 
the temperature rises continuously until the steady cperating 
temperature of the blades, dises, and other components is reached, 
Over a very short tine, then, appreciable deformation may result 
from thermal causes as well as uechanical leading, Again, there 
ig nothing to guarantee that the speed regulation device is going 
to remain operative at all times, Hence there may be periods of 
overload and hisher stresses - stresses higher than those required 
for a winimm secondary creep (for example 1 x 10 “% per hour). 
Por this reason most highly streased designs are based on creep and 
stress rupture data. Grant (60), working on the development of alloys 


suitable for long-time operation in gas turbines) set up the 
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fellowing standards as the aim of his program: 


le. Minime rupture of 100 hours 
2. Creep rate 1 x 1077S per hour at bob vet 2 1 





As a comparison of creep and stress rupture data, the following is 
given: (11) 1500°F. 





S 816 14,500 
S 588 1011,,000 


Thus it must be noted above that while deformation wider 





stress of all three alleys would be uniform under equal loading at a 
relatively low etress level, S 816 and $ 590 would give greater pro~ 
tection against failure caused by overload or stress concentration 
not only due to their hizher rupture strength, but also their 
higher ductility or ability te distribute or relikve stress concentra=- 
tions by deformation, 

The short time tensile test is really the first peint of 
the stress ructure curve. Smaller loads are then chosen in sucesssion 
to give longer rupture times, The tests are usually in the neighbor 
heed of 200 to 2000 hours but the length of tise aprears to be a matter 
of personal choice. The variation of log time for rupture versus 
log stress ia plotted in Figure 7 as a straight line at a given 
temperature, If the structure of the saterial changes or the surface 
becomes corroded the slope of the line will c:ange, Thus there is 


great danger in extrapolating the straight lines to longer tines and 
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lower stresses, 

Eprenian (22) and Grant (60) highly favor the strese 
rupture test as a preliminary test for choosing alloys for the 
testing of further properties, Gillett (27) however maintains 
that the designer cr engineer ray be steered away from naterials 
useable at lower stress rates sines the stresa rupture test in 
effect gives information telling what will happen to the material 
vader absolute abuse, loading to a degree wiich would not be 
allowable by correct design for long tine service. Grant (60) 
in the development work previously mentioned, remarks that a good 
test for materials for high temperature alloys should embody the 
following four factors: 


l. Ability to discuss favorable or unfavorable 
properties 


2. Relatively rapid teat tine, 
3. Reproducibility 


he Simplicity of apperatus and ease of interpre- 
tation of : its. 


According to Grant, the creep teet if limited to stresses for about 
2,000 hours which will not produce failure during that time requires 
costly and critieal measurement. equipment and then does not indicate 
the expected life or elongation at failure. In contrast to this, 

the stress rupture test seens to fulfill the four requirenents above, 
The measurenents made in thia test are elongation versus tine, elonga- 


tion at failure, and rupture time. From the curve of time versus 
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elongation, a seacurs of the minim creep rate in the secondary 
creep range is obtained, 

Machlin and Nowlek (49) have applied the theory of 
rate processes to stress rupture. Leaving out the thernodynanies 
and the mathomatics, a brief resume is given of their work, The 
successfu. prediction of rupture time and the devenderce on tempere- 
ture for § 816 forged, 8 816 cast, and low-carben W155 het worked 
provided the reaso: for thelr recommending that rate-process 
stress-rupture equations should be used to interpolate and extrapolate 
stress rupture data for different temperatures, Thus the nunber of 
etress rupture tests necessary to get sufficient data fer engineering 
design is reduced, The recowmendation is wade that e plot of log of 
rupture tine versus strese be used instead of the log-log plots which 
have been usec in the past ac depicted in Figure 7. The seri log 
plot is necessary in order to obtain data te predict strees-rupture 
at additional temperatures by application of the rate process equation, 

The above pauper has received critielsn on several points, 
Poncelet (discussion to 49) vaid that the stress-rupture data used 
covered only three full log eycles and this is too short a tine to 
evaluate the use of send log or log-log plots, 

Evans (30) has indicated in the table below the ratics of 
creep strength to rupture strength for several alloye at 1200°F., and 


1500°F. This data would seex to indicate that a factor of 50% may be 
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applied to the extrapolated rupture strength for 100,000 hour life 
to predict the creep strength for a secondary rate of 1% for 
100,000 hours ( 1x 107’ inehes per inch per hour), Another thing 
to note is that these ratios appear to increase as the tempera- 
ture is increased. 













LUD.) no’ 


(100,000 hours) 
Type 1200°? 1500°F 1200°F 1500°F . 





502 0.60 0.58 

Liyé 0450 0.376 

304 Oek7 0.835 0.65 1.33 
347 06725 02525 

316 0.56 1.9 0.512 22 
310 Ls 0.755 1.0 


(Rupture strength for 100,000 hours e>.trapolated) 

One of the many annoying things about stress rupture data 
is the scatter in the results. Svans (30), reviewing data on fifteen 
of the older high temperature alloys, has remarked that the spread, 
may extend as low as 50% of the vraximum value, ‘Sweeney (21) thinks 
that most of the scatter in stress rupture data in the literature 
has been dus to variatiog in aging prior to test, variations in 
chemleal analysis, and variations in testing conditions. Accordingly, 
the Haynes ~— Steliite Company has undertaken a rather comprehensive 
program on groups of 64 stress =< rupture bars cast from single 
heate. The purpose of this testing program is to arrive at a minimum 
value of stresa-ru;.ture so that the engineer can have positive data 


on whieh to base his design. A secondary objective is to determines 
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the cause for the scatter in the data, The quiek failure of an 
occasional bucket 1s a rather serious matter since one fractured 
bucket may cause great damage to the remainder of the good buckets, 
A very distressing situation confronts the desiqner since after 
the one bucket which has failed prematurely out of 45 —- 100 buckets 
has been replaced, the wheel will usually rum the full expected 
life. 


Figure 6 shows a spread purpesely caused by heat treatment 
which could apply to large and small sections of the sare material 
water quenched from the same hardening temperature. Avery and Wilks (48) 
meade an attempt at a statistical analysis of stress rupture data at 
1800°F, Only 16 cases were investigated and no conclusions were 
derived, 

A cormon American convention as mentioned previously for 


reporting creep strength is the limiting creep stress for a designated 
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piniwum (secondary) strain rate, Suppose that Yhe Limiting 
ereep stress is 1% for 10,000 hours (C.0001L% per hour). This 
is not mecessarily a suitable design stress as the life 
expectaney above 14,00°F at the lindting creep stress may be 
Leve than a year (approximately S700 hours), Avery (48) hae 
remarked that seetter bands for liriting creep stress and for 
1000 hour rupture atress frequently overlap when plotted 
againat term crature, 

A very convenient way to plot creep and stresea rupture 
data is te do the plotting on ome graph as shown in Pigure 8, 
Suppose it is desired to know the stress that will produce 0,1% 
creep in 1000 hours at 1600°F, The stress for these conditions 
would be given by point FP, and then following horlsentally across 
to the fracture time Line for 14600°F to point Q and then down te 
the tine seale, the tine when the designated rate of creep will 
produce failure is obtained, 

A reeent paper by Grant and Bucklin (135) does much te 
clarify in the manner of renting a decision on some of the points 
previeusly discusved with regard to the stress-rupture test. In 
particular that above paper is concerned with extrapolation of 
stress rupture data, Grant and Bucklin made ea creat nurber of 
otress rupture tests on 5 590 at test temeratures of 1200°te 
1900°F and on S116 at test temperatures of 1200° to 1500°F, These 
rupture tests had rusture times of 0,001 hours (3 seconds) te 
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26,000 hours. Compositional and heat treatment variables were 
kept to a minimum. The heat treating schedules for these alloys 
were as follows: 


$~590 Solution treat 2275°F for 1 hur, water quench 
at he throurh F, are 16 to 2h 
hours at 

for cuns > tae sn & hours at 1500°Fr, 
For tests at 1600°F through 1900°F, age 16 to 24 hours 
at 1350° F. 








S=316 Solution treat 2350°r for 1 how, water 

For all tests at 1200° through 14,00°F, age 16 to 24 

hours at 14,00°r, 

For all teste at 1500°F, age 16 to 24 hours at 1500°F, 

Figure 9 shows the plot of log stress versus log rupture time 

for $590 at temperatures 1200°, 1500°, and 1900°F. Figure 10 shows 
the plot of stress versus log time for S~590 at the sane temperatures, 
It may be noted on the log — log plot Figure 9 that the data do not 
permit drawing wilimited straight lines, Grant emphasizes the point 
that the distinct breake in the log-log plots should not be interpreted 
to indicate a physical or ehemical change which is sharply discontinuous 
but rather a change of physical or chenical nature which has reached 
ite maximum rate of change. These instability points depend on time, 
temperature, and strain rate and may be plotted to predict instabili- 
ties at other temperatures, 
By means of three plots 


l. Extrapolation of instability points log time versus 
temperature 


2. Slope of straight line portions log slope degrees 
from horizontal versus temperature, 
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3. Plet of log stress for i hour rupture 
of extrapolated straight line curves versus 
temperature e 

By using two of the timvee curves mentioned abcve it is 
poesible to construct the predicted curve show on Figure 9 
(dotted line at 19007). ‘The unused curve above may be used as 
a eheek on the data figures obtained from the other two curves. 

The predicted curve shows fairly good agreement with the experizental 
CUrVe » 

In looking at the plot of stress vereus log rupture life 
Figure 10, it is seen that beyond a certain point - time ~ stress ~ 
temperature ~ a continuous curve best fits the data. This information 
together with an attempt to extrapolate (temperature wise) curves 
according to the rate theory equation of Nowlek and Machlin discussed 
earlier shows that rupture data should not be interpolated or extrae 
polated through the wee of reaction rate equations, Furthermore, 
beyond a certain point in atrees ~ times - temperature, stress versus 
log rupture time can not be plotted as a straight line, 

in plots of "true creep elongation (first stage plus second 
stage) versus time Grant has shown that this "true elongation" decreases 
with inereasing rupture time or decreasing strain rate, whereas the 
total elongation may or may not. This first stage plus second stace 
duetility is what is important to designers, since beyond the seeond 
Stage of creep tolerances may be exceeded or failure may cecur in 
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Figure ll . Plot of typical creep rolaxation . (30). 


GREGP_RELALATION 

Bolts for high tezperature service are given the creep 
relaxation test. In this test the designer ie interested in finding 
out how quickly and to what extent the initial elastic strain is 
converted to permanent plastic strain. The residual elastic strain 
is what keeps the bolt tight. If the residual elastic strain 
falle below the mininnm design figure, the joint will leak, In 
conducting the test a plot of strain versus tire is made in which a 
specimen of the alloy to be tested at a given tanperature receives 
a series of loads whieh are decreased overytine a pré 
constant strain is reached. This strain corresponds to the initial 
bolting strees to whieh the stud will be "pulled up" at room tempera- 
ture. Figure 12 illustrates the foregoing, In order to calculate the 
residual or relaxation stress which will remain in the bolt at temperae 
ture after any civen time period, the logarithm of the secondary creep 
rate 1a plotted versus the logarithm of the stress, A straizht line 





is obtained and then by means of a formula developed by Robinson, 
the relaxation stress may be calculated (30). 
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SUMMARY 


Ae was atated at the outset there is no established 
theery on creep ant stress rupture, Actually there is not 
ouffiecient data of the proper kind to substantiate a theory, 
Moet of the exiotent data is creep data or stress rupture data 
per se, The ~etals and alloys have not been toasted with the 
idea of determining just what the creep test and stress rupture 
test is or doen, but with the idea of finding ont the limiting 
creep stress or rupture life of a particular metal or alloy at 
a pertieular temperatures, Attexts to fit mathematical formulas 
to data obtained from these tests appear te be of not mich utility 
principally on the point made abowe that there is insufficient data, 
The faet thet strees~strain, tims, and temperature must be consid- 
ered simultaneously in diseuasing reterials at high temperature is 
probably the big deterrent to the amassing of data. The great 
nerber of teste run by Grant and Bucklin (135) were on only two 
alloya S$ 59) and 8 616. The particuler findings on inetabllity 
points in this paper refer to $ 590 and 3 616, Whether phenonenon 
observed in “mare* low melting peint retals is applieable to the 
multdi=-nhesed preelpitation »ardened high temperature alloys, remain 
to be seen as studies of strueture are correlated with the ereep 
and etresa rurture test. Regardless of the state of the theory 
though, the creep test and streas riytime test are very valuable 
{n determining suitability of alloys for high temperature service. 
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CAPT TET 
STRUCT ORE 

Variations in structure of a metal or alloy cause 
variation in physical properties, Changes in crystal strusture, 
solution ant evalescemse of ywonipltates ot clevabel tenpevatwen, 
precipitation of minute particles at lower tem-eraturss, typical 
cast or wrought types of structure, graphitization of carbon 
grain orientation, and erain size are some of the factors which 
may be discussed under the broad term “atrueture." X-~Zay diffrae~ 
tion and retallographiec examination are the principal means of 
studying structural variations, There is much written in the 
Literature regarding the relative verita of cast and wrought 
materials for cae turbine blades, Yenry (7) has remarked that the 
designers decision as to whether a wrought or a east part will be 
used is influenced by a number of factcrs in addition to the 
peimary eonparison of physieal properties, Such factors as produs- 
tion speed, cost, number of rejections, reproducibility, and 
inherent ease or difficulty of proceesing must be considered, These 
last named factore are economie in nature and are not discussed in 
thie report, In faet the primary reasen for discussing structure at 
all is to show the effeet of structure with regard to the various | 
mechanieal tests. 

Cross and Sinmons (47) working with 46 different alloys 
of Cr =~ Ni ~ Fe, Or ~ Ri - Go - Ps, Co - Cr, ane Co - Ck = Ni fanilies 
arrived at the following general conclusions as to cast and wrought 
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rather than snap off when rubbing contact cecurred during 
service test at operating temperature, 


The above statements probably are subject to the particu- 
lar influences of melting, casting, working, and heat treating 
variables, Thus these statements can not be used as hard and fast 
rules, but do supply some useful information, In other words for 
a@ plant operating under a fixed set of processing variables, mechani- 
cal tests would have to be conducted on the respective forged and 
cast materials to be positive about which has the better properties, 

For example, there were several azing and heat treating treat~ 
ments applied te the alloys above (47). The wrought alloys showed 
best stress rupture and creep values when tested in the solution - 
treated and aged condition rather than in the as - forged or as < 
rolled and aged condition. Heating from 30 minutes to & hours at 
2150 to 2300 F? effected solution of precipitated phases, (Quenching 
prevented precipitation of theses carbides or internetallic compounds, 
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Aging at 1350 to 1600F produced precipitation in a fine dispersion 
whieh on testing indleated inerease in high-temperature strength, 
The high temperature solution treatment and aging for those alloys 
not undergoing phase transformations resulted in considerably 
coarser grain size, increased strength, and lowered ductility, 
Hardness reasurexents after various acing tines indicated that 
after 50 hours of aging there was little change in hardness. 
Accordingly, all test specixens were aged 50 hours at the intended 
test temperature in order to have alloy structure and properties 
that would exist after the alloy had been in service for a tine, 
These 46 different alloys of the Cr ~ Mi ~ Fe, Cr -~ Ni ~ Co ~ Fe, 

Co ~ Cr, and Co ~ GY - Ni families (47) all age in the temperature 
range 1350 - 1600F. Sometimes the aging effect is very marked. For 
example vitalliw: and alloy 61 after being aged at 1350°F prior te 
testing had yield strengths at 1000 and 1200F almost double those 

in the as cast state, Gorden (52), Scott and Gordon (110), Dobkin (54), 
Foley (67), Grant (75) (76) (60), and Henry (12) are a few of the 
investigators who have written papers in which aging and precipita- 
tion effects are prominently discussed. With reference to iron base 
materials Dobkin (54) has said that the carbide forming elements improve 
elevated temperature strength by formation of a second precipitating 
compound after high temperature has caused iron carbides to coalesce 


to a degree in which they are no longer very effective as a hardener, 
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temperatures up to 1800°F and thus remain small, numerous, and 

very effective as a hardening dispersion at high temperatures, 
Dobkin states that further proof of the fact that it is the carbides 
of these elexents whieh produce the resistance to scftening is, 
that without the presence of sufficient carbon, a considerably 
greater proportion cf dissolved high temperature strengthening 
elements is necessary to produce sirilar creep resistance, 

Grant. (76) has noted, in alloy 26 V-0 that after a solution 
treatment at 2300P had diesolved ajl of the massive carbides, the 
aging constituent was very uniformly distributed throughout the 
grain, and there is a non eontinucus agglemeration of a phase 
(unidentified) at the grain boundary, Air cooling from 2300 ¥ causes 
an extremely heavy grain boundary precipitate and less ductility 
than above by furnace cooling, The fact that a furnace coo] gave 
the optisum structure in alloy 28V-0 is at odds with the general 
method of heat treatment in age hardening, Binder (20), for example, 
has noted that the rate of cooling after solution heat treatment 
controls the distribution of the precipitate with reepect to grain 
areas and grain boundaries, Accordingly, the rate of cooling should 
be as rapid as possible to guard against exceesive precipitate forming 
at the grain boundaries, Also the temperature of formation of the 
precipitate influences the sise of the particles of precipitate due 


to relative rates of nucleation and growth, This case, then, of 


~ 36 = 


“a 










| * . ba ll 
aaa cn omateiess 
Baer we ame 
tk anikentioe ot cane te low efi ventory <i etemmale owed! Yo 
ie es Rae ttre bt st tnt 
aaRRANG as Pebaineml Myth PRSimete Ye unireere, wtarn 
mtn ote bg eet 4 Yemen 4; semis 
BAS MPA Ze CA ERs ah, me AT |. 
ad emia comes wid Se Sie oopleeth bas WES os tommrvens 
ol nt decreas Neal ontath Saree GY haw AE EO Bolas 
Marae De ettmemniges aemmiagg sam © 04, vines fen ,alera 
_ eereame | OOS sera patloh sath, qRabewl abae aed ae nits tmab iver) 
Skate een te wincheang paleeet eisy ye Uemze w 
RB Seen ssn ded tee) ae gnticns qnemerl Ww evens nets 
welerme 262 (06) wiblh weathers eas nd dmmmimrs tome le behing 
Settee deel padiolet ele peices % sty wil! Ab Beton poe 
_ RE et Demers ithe Maliyiony wv 1 (mbt iewls wht plese 
alee pitied te ete ol {plelnves! .oelnebered alot bee for 
ee ene ee 
Ot To podvesnd? jo eunleteqees OC! MLA omelet Ale, Git fa 
anh eveviyioen, do waleima, wt! to 4028 of! emmeenttal wird ty tory 
Se eee) 0am) CLT eo, (oe eee doun Te fede svi vie O/ 













o ape 








120 442 











100 10 
Hours 
to G0] & i 
60 
10 | 4 
20 2 
Aircool 
: Pe, O 
1500 1700 1900 2100 “25500 
Solution tomporature F, 

Figure 12. Uffect of solution treatmonte on rupture 
propertics of alloy 28V=-0 , # hour at 
temperature followed by furnace coolingello 
aginge (20,000 psi,1500F) (76 )e 
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23 ¥V-O and several of the other vitalliums is one of the 
many anomalies appearing in the high temperature alloys which 
wake it rather difficult to make general statements of universal 
application, Figure 12 (76) illustrates the decrease in ductility 
accompanying an increase in rupture strength as a function of 
solution temperature, At 2200 F it was noted by microscopic 
studies that the carbides had been partially taken into solution 
and the aging constituent is distributed more uniformly throughout 
the matrix, 

Aging for 48 hours at 1350 F decreases the ductility 
(Z elongation) of the vitallium - type alloys as compared to as 
east properties, (60) It would seem that the hot or cold tensile 
test does not indicate a very important measure of ductility sinee 
the important factor is the rate of decrease of ductility with 
time. With the stress rupture test, the aging effects of decreased 
ductility is shown by making % elongation measurenents during the 
progress of the test, Grant and Lane (75) working on four alloys of 
varying compositions which are given below for comparison found that 
all four alloys, as cast, contain at least 3 of what appear to be 
4, distinct phases: 


1. The continuous phase ( a face - centered cuble and 
or hexagonal structure, called austenite), 


2. A globular or dendritic material referred to as a 
carbide, 


3-4.Two remaining constituents, present {n much @maller 
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amounts in part resembling the above carbide, 
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In the two low carbon alloys above, massive carbides constitute 
only a small area of any cross section and do not form a conplete 
path through the structure, Here the aging benefits imparted te - 
the so called "austenitic" matrix as shown by stress rupture and. 
creep tests were large. In the above alloys, the first definite 
precipitate noticed cecurred at 1350F. Maxigum rate of aging in 
the two low carbon alleys was at 1550 - 1600 F and in the two high 
carbon alloys at 1600 - 1700 F. Agglenmeration of the precipitate 
began at 1700 F, At 2100 ~ 2200 FP almost all of the precipitate 
was back in solution. The carbides were cbserved to have a melting 
point slightly lower than the rest of the alloy. The surprising 
result of the abowe investigation is the discovery that alloys 
differing so mueh in composition (C .25 - 1.1%, Go 20 ~ 66%) behave 
so much alike. Iron oecurred in impurity amounts to 20%. Yet the temera- 
tures for an aging precipitate to form and go back in solution were 
very close, 

Strain hardening has an accelerating effect on preelpitation 
of phases from solid solution, Thus if an alloy is in a supersaturated 
condition, strain hardening brings about precipitation at temperatures 
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where the influence of the precipitate on mechanieal properties 
would normeally be ineffective because of the slow rate of precipl- 
tation. 

With certain high chromium steels, a harc, brittle, and 
paidintdindihl constituent called the sigma phase of the general 
formula FeCr, but having a broad composition range, tends to form 
in the ferrite of these steels when the steels are heated for a 
time in the temperature range 925 - 1750F. (67) (12) (146). The 
formation of this ovnsth vane in eppreciable amounts causes an 
alloy steel to lose its dugtility to an extent that any rake the 
steel wisuitable for a particular application, Other manifesta~ 
tions of the sigma phase are increase in hardening and decrease 
in notch resistance. 

Instability points are the names civen to the breaks in 
the straight line relationship of the plot of log stress versus 
log tine in Figure 9, Grant (135) remarks that these instebilities 
may result from one or more of the following processes: (135) 

Le"Change from typical low temperature type deformation 
to high temperature type deformation, This is 
evidenced by the change from slip flow, strain 
hardening, and transerystalline failure to essentially 
siipless flow, annealing, and irtererystalline fracture 
2,0xidation and corrosion 
3,0veraging, azqlomeration, and resolution of a precipitate, 


4.Other structural changes such as rearystallization, wth 
or without grain growth, 


5. Phase changes euch as the formation of the sigma phase,* 
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Figure 14. S590, ruptured ai‘ter 0.016 hours at 75,000psi and 
1350F. Transorystalline failure. Electrolytic 
ammonium hydroxide otche 100X. = (135) 





Figure 15. 8-590, ruptured after 29.9 hours at 60,000psi and 
L200F,. Intercryatalline fracture. Elect-olytic 
ammonium hydroxide etehe 250X. (135) 


By vleroscopieally examining fractured specimens, Grant (135) 
found that at rupture tines immediately to the right of AC a failure 
which pegine at a grain boundary diminishes the cross section of 
the test ber, increasing the stress and strain rate, and thereby 
causing the remainder of the bar tc fail in a transerystalline 
namier, According to Grant this might wake it appear that the 
failure was transerystalline, but the presence of frequent grain 
boundary cracks at the surface of the specimen in these instances 
indicates the transition to high temperature types (grain boundary) 
of deformation and failure, Figure 14 and Figure 15 illustrates 
tranecrystalline failure at a rupture time to the left of AC and 
intererystalline failure at a rupture time to the right of AC on 
Figure 9, The second seriee of breaks in the curves, of which only 
two breaks, K and F, ars shown, is attributed to the start of overaging, 
As in the case of the breaks at AC, the breaks HP are shifted to 
shorter times with increasing temerature, (F at 1900°F to the left 
of M at 1500°F,) 

The third set of breaks indicated by point Y at 1900 F, from 
an examination of the microstructure of failed bars, is probably due 
to several factors, Oxidation is showlng its effeet. Decarburisation 
ie noted at intererystalline cracks, 

Badger and Sweeney (45) have suggested the d¥vslopment of an 
alley which would not extibit some of the problems due to aging that 


have been described above, 
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that have not been fully identified (66). It ie small wonder 

then that the precipitated compounds in the high temperature netals 
have not been Cully determined. Metallocraphie examination of hot 
metal surfaces is proeedcding az a result of the wmilding of special 
microscopes, Inatead of the eseential optical components of the 
obsective being lenses, these components are mirrors (“h). The 

real imags of the subject is projected on the stage of the 
uicroscope (70), In this way, the optical symten may be protected 
fror. radiation from the material being examined by moving the optical 
system to a creater distance frox the subject. Long heating runs can 
be condensed into a short period of time of viewing by taking motion 
pletures and then running the film through the projector at varying 
speeds (70). 

X-Ray methods have been used and are being used to study 
etruetures of the high temperature alloys, The crystal structures of 
10 wrought heat resisting alloys at alevated texperatures have 
been compared with thelr cryetal structure at room temperature by 
Jo Ne Kittel (69). The alloys studied by moans of a Geiger - counter 
X-Ray spectrometer wodified for high temperature use were S-616, 
5-590, Hastelloy B, 19-9 W-Mo, N-155, 16m25—6, Kel,208, Inconel X, 
Winonie 80, and type 347 stainless steel, All of the above alloya for 
example, except 19-9 W-Mo retained their roo: temperature crystal 


structure up to 4 temperature of 1600 F, 15-9 W-%o transformed from 
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a two phase cixture of B. ©. C. and fF. C. C. to a single phase 
of F. C. C. between the temperatures of 14,00 ~ 1450F, Thermal 
dilation studies were made up to 2150 F on these alloys. None 
of the allorvs showed discontinuities ascribable to a phase change, 

By seans of the X-Ray diffraction apparatus in conjunetion 
with a Gelcer ~ Mulier counter indleated abcve, it 1s possible te 
detect phase changes taking plaes in a time of one second (66). 

Recently an X-Ray diffraction investigation was made of 
the minor phases ef 20 high temperature alloys (65). The identi- 
fication of these rinor phases in an alloy is important in determining 
the distribution of the elements of the alloy among the phases since 
knowledge of the manner in which a specific slement is distributed 
among the various phases of an alloy will aid in the evaluation of 
the funetion of that slement in the alloy. This information would 
also help in selecting the percentage of an element required in a 
new alloy containing the same types, but not the same quantities 
of minor phases, 

In this work, the minor phases were concentrated by electro-~ 
lytically digesting the alley in a bath of a reagent that selectively 
dissolves the matrix, The residue deposited on the bottom of the 
bath is highty concentrated in cinor phases. If several specimens of 
an alloy are subjected to electrolytic attack by different snathin, 
each reagent will diasolve the alloy phases in varying aszounts or 


proportions. Since these phases present were unknown, 12 reagente 
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were ueed in an effort to concentrate each of the minor phases 
as a residue 1:. at least one reagent. By a comparison of the 
patterns of the several residues obtained, it was possible to 
identify the phase by the preéence of its interfersnee lines, 
In this mamner the following minor phases were determined: 
CoC, Chi, TiC, Tin, CE Cy, Woql es and Ho,C, Ali residues 
were not identified. Much work remains to be done in this 
fLeld, 

Usually the ductility (" ehongation) of a fine grained 
naterial is superior to that of the coarse grained raterial 
regardless of time of testing. (11). With regard to creep strength 
and stress rupture strength though, the coarse grained materfal 
usually shows higher values than the finer grained, Clark and 
Freeman (7%) found that coarse grained 15=12 Cb, 25 Cr - 20 Fi, and 
25 Cr - 12 Ni were much stronger than their fine grained cow:ter- 
parts. Grant (60) hes sald, as a result of the examination of count- 
Lessa failures and near failures, that ruptures can originate inter~ 
nally or at the surface. Initially, it is claimed, all failures 
start at the grain boundary above a certain terperature, Thus the 
less grain boundary material there is, the less is the probability 
of the initiation of failure, 

Grant (77) sade a atudy of the relationship between the 
rupture properties and the structural elexents in alloys of the 


Go «Cr = Mo - Ta system, The neah number and the grain size of the — 
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various specimens were determined, Mesh number is taken as the 
number of carbide intersections at a magnification of 400K with 

@ gage length in a micrometer eyepiece of 0.0, inch. The number 

of carbide interseetions with the gage length is counted in several 
different directions. Wide differences in mesh nweber can be 
obtained depending on grain orientation and the manner of cutting 
through a particular dendrite. Figure 13 illustrates the relation- 
ship between grain size and mesh nweber and the rupture properties 

of alloy 100 VT 2-2 at 30,000 pai and 1500 F. If the maximum hot 
ductility (8%) is desired for a particular application, it is 

noted that 200 hours rupture life may be attained with this ductility 
at 30,000 psi and at a temperature of 1500 F. To get these properties, 
then, in a <" diameter test section (for which the graph was plotted) 
it is necessary to have 19 carbide intersections per wiit of gage 
length with about 16 grains in the entire section. There are a 
number of things to be careful of when evaluating the above work, 
Grant mentions that the work involved only small sections where the 
mass of the metal is ezall in comparison to the mass of the refractory 
materia). of the mold. There are no gones of columar crystals which 
give way to equiaxed crystals at the center of the specimen as right 
be noted in large sections. Round ecylindrieal specimens and molds 
were used. Sweeney (21) amongst others has remarked that grain sise 
and grain orientations in a cast turbine blade are much different than 


in a round specimen. Cross and Sirmons (47) tested diamond-shaped 
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specimens with sharp edges and thin sections approxinating those in 
a turbine bucket. The diamond shaped specimens showed rupture 
properties in the lower portion of the range shown by the round 
test specimens, 


Grant further remarks that the materials used were 2 or 3 
phase alloys. What the effect of single phase material would be 
is not known, 

Although a coarse grained material is desirable for great 
strength at high temperatures due to having least grain boundary 
area, grain orientation becomes a very important factor, Grant (42) 
by raising the temperature of the molten metal end the temperature 
of the wold several hundred degrees cast a 1% C vitallium specimen 
4n which any cross section of the .250 inch diarneter specimen was a 
single crain. A particular specimen gave a rupture life of 1500 hours 
at 30,000 psi and 1500 F, Other specimens cast under the same conditions 
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showed rupture times of 180 - 300 hours. ‘The grain orientation 

of the 1500 hour specimen wes ideal whereas the other bars had 

grain orientations which persitted early failure along the grain 
boundary at angles approaching 45° due to shear stresses, Since 

the control of grain orientation is strictly a fumetion of probability, 
Grant (42) (77) recommends 12 to 16 grains per {" cross section 

for 18 C vitalliw alloys in order to get some reproducibility in 
stress rupture properties, In the case of 12 or 16 grains per i" 
evoss ~ section only 1/12 or 1/16 of the total strength cr wealmess 
is due to a perfectly oriented or poorly oriented grain. 


It ie difficult to evaluate the effect of a particular 
alloying element per se on mechanical properties of an alloy wmless the 
structure of the material remains essentially the same before and 
after the incorporation of the particular metal into the alloy, 
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This is to say that perhaps a phase changes or precipitation came 
about as a result of adding the metal. Therefore the question may 

be added, “Is the increase or decrease in the mechanical property 
due to the phase change or precipitation cr te the inherent 

alloying effect of the metal addition?" This queation may readily 

be answered for steels tested at rooz temperature by using another 
alloying element which accomplishes the same change in strueture, 
Usually, it will be found that the structure change is the predoml- 
nating influence on the mechanical properties although the order 

of magnitude of the change will be related to the particular alloy 
addition, and the amount of the alloy addition needed te effeet the 
structure change will depend on the particular elerent, Hevertheless, 
there are several general statements which may be made regarding the 
effect of certain elements on stress ~ rurture preperties, for example. 
Grant (42) (34) with a elese eontrol of the structure of the alloy 
has noted the effect of carbon in about & different alloy systems and 
the effect of tantalum and nickel up te &£ in vitallium alloys, 

Crose and Sirmons (47) have noted that the addition of about 20% 
cobalt to Ni - Ck ~ Fe alloys increases the high temperature strength 
markedly ower Mi - Cr - Fe alloys without cobalt. Grant (42) also 
noted that certain cobalt base alloys gave higher high temperature 
strength than certain chromium base alloys, In general, most investigators 


arree that cobalt increases the high temperature strength of an alloy. 
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Guy (31) has conducted a survey of 100 nour and 1000 hour 
rupture strengths at 1500 F on nickel bese alloys in which 
aluninur:, molybddeoum, and chromium were varied. This paper has 
a number of plots illustrating the effect of alloying elements on 
the stress rupture strength. Figure 16 is one of these plots showing 
the effect of aluminum content on the 100 hour rupture strength of 
alloys containing 5% ehromiun and 5, 10, or 15% molybdenum, 

In Figure 13 was indicated the relationship between nesh 
number and rupture strength and mesh nuaber and elongation. Grant (77) 
found that the earbon content (.40 — 1.2080) dues not contrel the 
carbide mesh spacing in Co - Cr ~ Mo ~ Ta alloys, but controls only 
the amount and wmassiveness of the carbide, With Ni ~ Sr ~ Co - Fe 
base alloys, Grant (60) found a straight Line relationship between 
the log of the rupture life and pereent, of carbon, In Figure 17 (60) 
is shown the effect of carbon centent on the 30,000 psi mipture life 
at 1500 PF, The increase in rupture strength with increase —e 
the peak in the rupture strength, and the decrease in rupture strength 
after the peak may be explained on the basis of changing structure 
as shown by metallographic etudies, As the carbon increases, the 
ratio of volume of carbide mesh to matrix increases, Finally, the 
earbide mesh assumes a large enough proportion of the volume of the 
alicy to carry the bulk of the load, At a eertain carbon content 


the carbide mesh structure becomes too massive and or continuous, 
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Beyond this point the ruvture strength begins to fall eff. 

The very sketchy treatment giver to strusture above 
is by no means complete, The primary purpose of discuwsing 
structume was to show the effeet of structure on high temperature 
properties, particularly strees rupture, Much work remains te 
be done in the manner of some of the papers mentioned here, At 
the present tine, there 4s not even sufficient experimental evidenee 
to make good qualitative or empirical observations or decisions. 
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about the influence of melting and casting variables en the 
nicrostructure and cousequently o: the physieal properties of 
some of the vitaliium alleys. A few aciitional rewerks are added 
here. 

Grant (77) bas reported that ceeasional east high temp ra- 
ture, high etrength alloys of the Co - Ur ~ Mo ~ Ta type falled te 
show reyproduciale rupture properties by ylelding either excessively 
high or low test data, Accordingly a test program was initiated to 
study the effect cf mld preheat and netal casting temperature on 
the rupture properties, Figure 12 shows the effect of increasing 
tke mold preheat temperatizve on the 30,000 psi ~ 1500 F rupture 
life and elongation in alloy 100 VT 2-2. Note ths wide spread ef 
rupture life values with mold preheat temperatures greater than 
1850 F, 

Grant (76) found that the number of grains per section decreases 
with increasing metal temperature while the carbide spacing remains 
ecnstant. The shove is reflected in Figure 19 whieh summarizes the 
relationship between the structural elements of 100 VT 2<2 (as determined 
by variations in metal = pouring temperature) and the rupture proper- 
ties at 30,000 pel and 1509 F, 
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Nuch work remains to be done in the investigation of the 
influence of precessing variables on physical preperties, The 
Statistical Research Group at Columbla University wder an NDAC 
contract, could find no correlation in vitaliium among composition, 
heat treatment, rupture life, and ductility on the basis of data 
obtained from vwarlous sources, This failure has been attributed to 
variations in mold and metal temperatures, 

At Allegheny Ludlum Steel Corporation, Brackenridge, Penn- 
sylvania (104) melts of S-58E, S-590, 8-316 are nade in a 2 ton or 
10 ton basic electric arc fwnace, The heats are finished under a 
basic reducing slag and are poured at 2700 - 2900 F into big end 
up molds 6 ~ 16 inches square weighing from 400 - 3200 pounds, In 
order to secure sould ingots a non consumable clectrods are has been 
successfully used to keep the top of the ingots hot. These data 
are ineluded in order to make a comparieon as to size in commerelal 
applications with the precision investment casting (sometimes 25 , 
cross section) used by Grant in the experiments outlined above, 





 +Dise material must be forgeable and buekéts, if wrought buckets 
are to be used, must be amenable to working or machining. All of the 
high temperature alloys are difficult to hot work and to hot ~- celd work 
in the range 1200 - 1700 F beemise of their high temperature strength, 
This fact te one of the principal problems in ths development of high 
temperature wrought materiale, Freeman, Reynolds, and White (44) 
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found that it was difficult to reprodwee commercially the degree 
of hot - cold work on experimental bar stock. The effect of a 
given heat treatment on light sections may be radically different 
than on a heavy section, Much of the data accumilated to date 
with regard to working has been obtained from eontrolied 
experimental conditions on small bar stock, 

Hoat treatment has been mentioned earlier with reference 
to solution treatnent and to stabilizing heat treatzents at tempera 
tures above that of service temperature, With some materials, it has 
been noted that better ereep and stress rupture properties are 
obtained when the material is stabilized at say 1350 F for evertual 
use at 1500 ~ 1600 F, 

N-155 is probably ene ef the wost widely used forgeable 
materials for the wheels of gas turbines. The effect of 
hot - work on the elongation of N-155 alloy at 1500 F wider a constant 
stress of 8000 psi is shown in Figure 20, The resistance to creep 
may vary widely depending upon conditions during hot working. Yet, 
by glancing at the table below, it may be noted that nere of thease 


conditions were abnormally different (20), 
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In Figure 2] is illustrated the elongation characteristics 
of the sama series of alleys shown in Figure 20, The heat treatment 
for 1 hour at 2260 F and air cooling has eliminated the extreme 
variations observed in Figure 20, 

The extent to which strain hardening may be utilised to gain 
strength is a funetion of the temperature of operation and the composl- 
tion of the alloy. at temperatures above the recrystallization or 
recovery temperature (recrystallization temperature isa dependent on 
tine at temperatures and percent deformation) of the matrix, prior 
strain-hardening of the metal is detrimental as it increases the rate 
of creep, whereas at temperatures below the recrystallization tempera~ 
ture, atrain~hardening processes are helpful. Nany of the recently 
developed high temperature wrought alloys recrystallise near 1350°F, 
(% deformation not specified) 

Grant (33) in the course of preparing Ni-Cr-Co-Fe base alloys, 
noted that certain grades were totally unforgeable, Ali of these 
unforgeeble alloys contained tantalw: plus columblum frem 6/01 te 
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9.32%, Both of these elemente are very strong carbide and nitride 
formers and 14 is the presence of these brittie phases in a 
continusus nature in the austenite catrix which causes fallure during 
forging. Subsequently it was found that alloys containing greater 
than 4% of elther Cb or Ta alone were forgeable. More than 5% of 
combined Ta plus Ch should be avoided in trying to produee a forzeable 
product where nitrogen and carbon are present in amounts normally 
encountered in these alloys. Grant found several other alloys 

which were unforceable, but these alloys contained carbon creater 
than .35% and in certain inetances titanium, 

At Allegheny Ludlum, surface conditioning of forgings is 
carefully dons between reductions on 3-560, 5-590, and 8-816. 

To develop the best high temperature properties, tha alloys require 
a double heat treatment. A water quench from 2150 ~ 2250 F is followed 
by an aging treatment at 1400 F for a minimum ef 10 hours, 

Magneflux, Zyglo, ultrasonic, and X-Ray examinations may be 
used to insure that forgings are sound, 

According to Fonda (112) the most inportant consideration with 
resard to turbine dises or wheels is cuctility and the best method of 
obtaining sufficient ductility is by proper control of grain flow during 
the forging operation. When it was found that the rims of very few 
wheels reached or exceeded the bursting speed, it was realised that 
the center rather than the rim was the critical area. It ie very diffi~e 


cult to control the "quality" of the center of a large forging. 
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In rolling 5-586, 5-590 and S-816 it was fowut that "hand round" 
passes which avoid ecrners and give small reductions in area per 
pass had to be used, Rolling was dene at slow speeds, In machining 
the above alloys (7) it was necessary to use sulfurized cutting 
oils, reduced speeds, very sharp eutting tocis, and continuous 
cutting, About the best ail-around condition fer machining appeared 
to be a partially ~ aged state as produced by holding the solution 
treated atock for 1 te 2 hours at 1400 PF. Speeds used in turning 
were 10-15 feet per minute using high speed tool steel, Drilling 
is the most difficult operation with these metals, The speed of 
drilling sust be slow. Turbine blaces have been machined from 
rhomboid sections of 5-590 in a partially aged condition. 

Schmidt (114) hae renarked that there are two ways of 
willing high: strength material to obtain reasonable tool lifes 


1. Reducing eutting speec and feed and eeoling the 
gutter, 


2. Increasing the cutting speed and f but pre 
heating the workpiece to 1000 F = 1 F. 


Care must be taken to provide protection against heat flow 
freu the workpiece to the machine. Frotection can be afforded by 
insulating with asbestos or by circulating a coolant in the table 
or fixture, 

Chisholm has said (62) that the following factors Gust be 


considered when welding high temperature alloys: 
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Le Ultinate tensile etreagth and yield atrength at 
room tesperature 


2- Coefficient of expansien ~ for most of the high 


mild steel, 

3. Heat conductivity is only? that of low carbon 
sieel. 

4. bleetrical resistance in work hardened condition 
is greater than that of carbon steel for most of 
these alloys. 

5. Formed and work hardened parts simuld be annealed 
before welding, 


Blades have been welded to dises and dises have been 
welded to each other to form the complete rotor, The prineipal 
diffleulties have been notch extension cracking and weld retal 
bead cracking, Notch extension craeks are cracks, initiated at 
the junction between buekets, whieh propagate in a radial direc} 
tion across the weld joints. Weld metal bead cracking is longi- 
tudinal cracking in the center ef the deposited bead, or sporadie 
intergranular cracking. 

Linnert (53) found that combinations of cise and blade 
material with the least susceptibility to extension cracks showed 
Little difference when welded by sutwerzed arc or by coated electrode, 
The shape of the sutmerred - arc deposit apveared to influence 
conbinations of alloys which wera sensitive to exte ston cracking, 
Wide beads with tapering aides cracked more severely than narrow 
beads with straight sides, Linnert further found that preheating 
had no influence on the severity of extension cracking, Weld metal 
micro structure consisting simply of austenite showed practically 
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ne susceptibility to extension cracking. When small pocls of 

an increased suscertibllity to extension cracking was present. It 
was found/tit the jumetion between buckets function as minute ape at 
the weld joint and reduce the thermal flow fros. the weld metal opposite 
these junctions, This slower cooling rate indueed sexe compoeltions 
ef weld zetal to produces pronouneed stringer - like segregations 
extending from the base of the ‘function notch. Thue joint design 

is very important. Henry (7) has said that the characterletics of 
welded joints in these alloys are so dependent on the design of the 
joint that it ia difficult to assemble any basic data of value. 

Cross (40) and Williama (£0) found that interbucket notch extensions 
occurred even in readily weldable material when the design of the 
weldment. was sueh that wmavwidable notches cecur at weld interfaces, 
transverse to the direction of welding. 

Cor pariaon of the composition of weld metal deposit with crack 
susceptibility 1s very diffleult since composition of the deposited 
metal could not, acourately be deterrined, welding electrode materials 
are available with balanced analysis providing for composition change 
during welding (89) (24). In many cases, however, electrode materials 
of dissinilar composition may be used for joints in order to secure 
stro:welr welds, 


Weldabliity testing in this ficld is similar to weldability 
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testing in meneral. There are as many different testa as there are 
applivations, Harrie and Cliver (B85) have oullined a test procedure 
which they applied to flash butt-weléed diecs end shafts. The 
criterion of a successful weld was whether the Lensile otrength 
across the welt was close to the tensile strength of the elaft 
material (which was the weaker mewber of the disc - shaft pair) 
and whether the fatigue resistance of the weld junotion wae close 
to tivat of tre shaft. Klerescopic examination of the weld jumetion 
was @lao done at 20x, Any weld junction which showed more than a 
certain amowit of oxide [Lin at the wald was rejected, In addition 
a toraion test was run om the material in order to see if cracks 
formed on teisiing under a certain stress, 

Larige (41) has mentloned making teat pleces, conforning 
as nearly as possible to the wala in question, anc then metallopraphi- 
cally and radiowraphieally inspecting them. The test pleces vere 
given tensiie tests in order to determine the weld strength. Thus 
most of the weldability teste are a nodified service test. Data and 
results from one of these teste may not be applied generally since, 
as has boen seen, joint design, material, and electrude material 


are cortrolling varlables, 


oe el) ROA) SEO GRE SOE «ine ath aeeiees 
IED Pe =e 
| At vetiate Ratna de ermlmestied ABT G2 ee ktene ald apie 

| ener Linen 0A) amttete aa Sie Seance 6 a rayene 
ete AS 6 ee ALL A A ell Re hime wil mewtme 
(key Fae oe aed do mum cee wat me rindi) darnmdam 
ewwls saw cabions{ plow Gtk) Ye Munstdaes amken ul! Tense ore 
rohit tie 962 T) caitenlnet Ohne A aae we 10 Jnshe od 
8 tat ame weate at ite cotter: ale uu 4C oe eee cade fae 
mnteinbe OS .deloniay aan bine oY Ae al/) Oly to Mem akattes 
sdaesa Vl wee Gt vale Al Letredes wh! my ey ame feet anand & 

— ene hme eed ne as bea 
pilevcines yruceig deed guliee Soeeitoe ag (Ry eel 

— epee dks eee ace giniveme AP Rone walt cd ole wey ne clueen ae 
were Benely sess OTL vhs palluecent {hinnatennpstion bee Ules 
ondT . Opens alee 96h wcbeeeied OF wees C2 chee! Bimal! cers 
bas eee 14007 enters CaQ nen 2 oem fe) qAibiteRion GNT Te deme 
gee qi ieee, bellows ed fun UEP ereer emule te ewe ot) ef Liew 
— dindeeden atectvels om (foltecee ue lied Cle yawn Gerd me ae 
_ve we steite rer sailioutwms 





Many investicators have sald that the tensile test is 
valueless as a ceasure of lon, time porformance at high temperature. 
(115, 60, 29). Freeman and others, working with Timken 16<25-~6, 
low carbon N-155, %590, 5-816, and ineonel X fownd no consistent 
relationship between tensile properties and rurture, creep, or 
strese-tine for total deformation characteristics, Cillett has 
said that short-time high temperature yleld strength tests reveal 
nothing about creep behavior. Under conditions of stress and 
temperature in the tensile test where remnonts of strain-hardening 
remain, metals do not "settle down" to a consistent creep behavior(27). 
On the other hand Evans (30) and Henry (7) have said that the hot 
tenaile test does furnish useful information for hot working or het 
forzing operations, For example warning of temperature zones in whieh 
the alloy has a tendeney to become brittle may be obtained by points 
or data whieh are radically removad froz the contour of plotted curves, 
Bobrowsky (14) found an aprroximate correlation between modulus of 
rusture and short-tixs tensile etrencth based on results for brittle 
matertais( ceramals ) at a number of laboratories, dulue of rupture 
is defined as the caleulated maximum stress in the outer fibers of the 
specimen at fracture, The short-time tensile strength of the 
specimens (TiC with varying propertions of Ce, W, or lc) was found 


to be about 6.4 to 0.6 of the modulus of rupture, 
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in any discussion of tensile testing, the modulus of 
elasticity is brought to mind. Mack (99) has listed the following 
pointe dealing with the modulus: 
1. For any element, the modulus is a function of 
tte eee 


2. Crystallocraphic effects seem very icporteant 
because of elastic anisotropy. 


3. The soculus decreases with increasing temperature, 


he Cold - working reduces the modulus while stress - 
relieving and precess anmeals tend to inerease {t, 


Avery and Wilks (48), working with cast 26 Cr-20 Ni alloys, 
found that in the conventional tensile test at hish ter;perature the 
value of the swodulus was considerably affected by the speed of 
testing. Cross and Simmons (47) and Hadvor and Sweanesy (45) working 
with vitallium type alloys found a variation in the redulusz of elasticity 
with the grain size, In the table below (45) note the narrowing in 
the variation from maxirew: to minimum as the grain sise decressos, 


This is explained on the basig 


Actual Average AcS TMs hodulus of elasticity, psi 
Grain Diameter G8. Mar. ILA. Average 
0,012 L 35,200,000 31.,250,000 33,120,000 
0.050 0,690,000 23 9400 , 000 31, ,00,000 


ef grain orientations, With a fewer number of crains(larger grain sige), 
there is a massibliity for greater variation in tenslle properties since 


gach grain is responsible for a creater percentage of the total strength 
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of the cross section, whereas with a fine vrained specimen, vach grain 
ig reaponsible for oniy & swall part of the total strength of the 
cross section, 

Roberts and Norteliffe (91) have used a dynamic methed for 
peasuring the modulus at high temperatures. In measuring the 
wodulus by usual static metheds with ths tensile Lest at high tempera- 
tures, grent difficulties are encountersd since only small streeses 
may be used if creep in the specimen is to be avoided. The combination 
of using very small stresses with consequently smail strains leads te 
the possibliity of making experimental errors of large magnitude, 

In the dynamic method, a cylindrical bar of the metal is caused to 
vibrate transversely with its fundamerital frequency, From the 
frequency agd the mass end dimensions of the bar, Young's rodul.us may 
be ealoulated (formula not given). ‘The results showed a decrease in 
Young's modulwe with temperature, The value at. 1100 F for 

HG = 2.25 Ni = 039 Cr = oh Mo was 3/4 of the modulus at room terpera- 
Lure. 

Hardness may ve correlated with tensile strength of steels at 
roow temperature, [vans (30) has said that hot hardness is not neeied 
for nost high temperature applications (exception valves). Besides, 
this property does not correlate with the other more {mportant prep- 
erties such as stress rupture and creep. Parke and (4), how 
ever, in making a sclection of prorising materials tor use as fas 


turbine blates for texuperatures up to 1400 F used hot hardness as a 
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primary test on the basis that the harder materials had -reater 
creep strencth, 

In tension testing at elevated temperatures the following 
points must be considered: (224) 





Hoet lubeoratories at the present time dic not set the yield 
strength in short tine tensile teats at elevated temperatures because 
they are not equipped with extensometers for high texperatures (21) 

In the static method of hardness testing at elevated termpera- 
tures, a Vickers hardness machine employs the regular loading device, 
A vaguun chamber protects the test specimen, the diamond indenter, and 
the heating element. The impression in the specimen is read by means 
of an optical system, The apparatus may be used up to 17007 (125), 
Kisbet (discussion to 125) has said that if the rupture test data are 
plotted on linear coordinates rather than log - log, the rupture curve 
fallo very fast, with high loads and short times and becomes very 
flat with low loads and long times, It would therefore by very 
difficult to predict the horizontal part of the stress-rupture curve from 
short time data which fall on the almost vertical part of the curve, 

Instead of a slowly applied load, the dynamie hardness testing 


method uses a falliny weight, a released spring, or e blow by a 
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sendelum or hammer to produce the indentation of ths test 

plece (124), The hot working stresses in forging, cogwing, rolling, 
extruding, drawing, and pressing sare many times faster than those 
applied in the static tensile and hardness tests, The differences 
im static and dynariec hardness versus tecrerature curves shows 

that the static method dees not necessarily tell the correct 
resistance to plastic forming at rapid deformation speeds, In 
extreme cases, the maxinum of dynamic hardness coinetdes with a 
sinimus of statie hardness, By rradually increasing the deformation 
speed in impact torsion and high-speed tension tests, the maximum 
yield strength and the ultimate strength of iron ani steel are shifted 
to higher temperatures, Thus in order to cet a qualitative estinate 
of conditions whieh may be expected in hot working the dynamte 
hardness teat at elevated temperatures is core appropriate than the 
static hardness test, 
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Patigue etrungth dees vot appear to vs an lxyurtant iesue 
at high temperatures (63) (27) (17) (11). Gillett (27) has said 
that in cages in which a leony service iife is inherent in the 
design the sonde which produce the low lixiting creep rates and 
total deformation are sansiderably Lover than the endurance linit, 
Tnerefore cree) rather than fatigue is the controlling design factor, 
This relative unimort ep Of fatigue strength may be due to a 
decrease in the notch sensitivity of the steels with rising temperature, 





In those cases iin which a very Linited service life is the 
baals for design, resulting in high loads and appreciable allewahle 
deformation, stresses which produee fracture in 1000 houra are conetines 
of the sane urder of magnitude as the enduranes lizits and therefore 
fatigue rast be considered, It Le not known how ouch sore important 
surface comiition becomes when fatirue stresses aro the controlling 
stresses in dev.gi, nor le there any -easure of the role played by 
aQiloy vomposition in connection with ourfaew sensitivity. 

in many nigh temperature fatigue teeta, there is no apparent 
tendency for stress - oyele yranhs tc level off and develop an apparent 
endurance Limit (27) (30) (12). 

With reference again to the decision as to whethor fatigue 
atrengt): or creep is tho noat lpportant variable if the Sati ove 


strengti: and yield streigt. deter ined by various mean etatic stresses 


~ 64 < 





BAL <0) HF Comer Ma Te) certs ems ihe tere 
Of bee) alot ew eee we omen! oc cme ee 2d ommneuee 
er eb hae peers 6 Medleetee ol mel heueee Codie 

eres oe 6) cern) jetee! i? ede mS Tew 6 
Peres ae nerved ws te ees ot ete OLeTD - eeeree wr! Uerers 
with) (OD) COR) dee) centre 

ep ret weet af oe alee i) od Cre ew en ll 
eolies ef) Li —eGleree Metre cee ld 0 cewey oe ers 
eroverts atiete cue sinter gt teeter a) feels Fle ee Menide 








NN Fatigque 


Crean 
sarmit 
Static 


@o@e@ et ct MH 








Temperature of blade. 


Gg 8s t 


Figure 22. Temperature and stress distsibution 
in a turbine blade. (17). 





is determined at various temperatures, it ia found that at low 
temperatures the fatigue strength is always lower than the yield 
point and at high temperatures the fatigue strength is higher 
than the creep lixnit. (17) There is an intermediate temperature 
at which the atatic yield point and the fatigue strength are 
identical. This teuperature varies witl the dezinition of the 
ereep linit and tae frequency of the load reversals applied when 
Getersining the fatigue strength. This tuuperature indicates the 
transitien fro: brittle fatigue fracture to extensicn by creep, 
Therefore the engineer has an indication up to whet temperature 
fatigue strength is the criterion of the maximm persissible stress, 
an’ beyond this texperature where creep Linit is the eriterion, 

In Sigure 22 1s show the stats of stress in a blade at various 
positions of the blades compared wits: the temperature, fatigue Lindt 
and creep jiwit, The outer part of the blade is almost the sam 
temperature us the impinging gas; the root of the blawe may be about 
100 ~ 200 F evoler. The croep strength at the root is higher, but the 
fatigue strength may be lower than at the blade tip. The combined 
Static and elternating stresses are highest at the root. Therefore 
it is posstvle to have a situation where the permissible stress is 
lower in the colder seetion of the blade. If transverse vibrations 
of very high frequeney arise, the highest sireeses will then be at 


the tip of the blades, 
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Turbine blading is required te withstand a steady 
centrifugal streus, a steady cas bending stress, and couplex 
Cluetuating stresses, These fluctuating stresses are the 
result of aeroedyramie buffeting of the moving blades from the 
preceding row of stationary blades whieh may set the blades inte 
vibration with a peak movement at resonant conditions when ea¢eh 
moving blede receives successive blows fror each stationary 
blade. A flutter phenomena may also oecur at the trailing 
edges (i). 

In orter for a fatigue testing wachine to imitate the 
stressing of a turbine blade, it would be reqitred to exert 
sinultansously a wilfors tensile load, a uniform bend load, and a 
fluctuating bend load ait frequencies ef several thousand per second 
et temperatures exceeding L20OP (129), 1t is usual to design on the 
basia of only steady stresses using the slastie theory and creep 
datae 

Sinee tnere is insufficient information available for the 
designer to base his design on fatigue stresses, he Lasures that 
the possibility of fatigue failure is made remote at the expense of 
iightness and aerodynamic efficiency, This explains why no special 
effort has been made to develo, new turbine alloys of whiten the 
prime function is the ability to withstand fatigue, Alloy manufac~ 
turers feel that a sufficient amount of fatigue resistance accompanies 


naterials of nigh creep strength (129). 
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Most. fatigue testing simply incicates one alloy te be 
more resistant than another to vibration in general, The 
eurrent msthods of fatigue testing can be divided into two 
main classifications, The first is the vibration test in 
which the main objective 1s to find the netural frequency of 
the finished component, The #econc method ie an attemrt to 
establish the endurance lirit of the material when sub jected 
to sumditions resemoling a service test, 
Various fatipue testa in use now are:(130)(131)(30)(129)(121) 
l.. The preumatiec excitation teet ~ vibration test 
2e Violin bow - resonance teat 
3e Alternate tension ~ compaession test. daigh or 
Krause machine is used for this test, 
4. Wohler Test 
5. Westinghouse Test - a high temperature faticue 
machine thieh employs a fied cantilever, constant 
aeflection principle. Yibrations are induced by 
a balanced slectronic svsten, 
6, Schenl type tests 
Bawards (129) has said "Suppose we are asked to determine 
the maximun fatigue stress permissible for a material to be wed in 
a turbine blade required to last "t" hows in service under a riven 
steady creep stress of "WH tone, The frequency of vibration in 
tre turbine is nr cycles per minute whereas the highest frequency 
fH, ot 
possible in the fatigue machine nay be, Thers is a cholee here 
of two teat procedures, A steady stress of “K" tone aay be inposed 
or. the specimen and an attempt to find the liedting faticue streas 


for a life of "4" hours may be made, This is the correct. nethod on 


the basle of time alone, On the basis of streesa eycles the correct 
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limiting catigue etress weuld be based on 50 "t" hours." In the 
first instance, the specimen is only sciven 1/6 tn the reversals 
1% would undergo in serviee. In the second instance, the apecimen 
is subjected to a creep stress "Kk" for 5) times longer than it 
would be in services, Weither wethoi is correet but 1t is thought 
that the first rethod is eleser to the correet answer, 

Wath high rates of streasing applying in fatigue testing, 
a dynamic method of calibrating the equipment in order to deteraine 
the stress-strain relationsini; is necessary, The dynamic limit of 
proportionality has been shown to be much hicher than tne atatie 
limit in some materials at elevate! texperatures. At suffielently 
elevated temperatures, there may be ne linit of proportionallty under 
static testing comniilions and the relationship of stress to strain 
eat high rates af stressing can be deterzined only by dynanic calibration, 
The method of calibration deseribed by MeXeown and Back (130) makes it 
possiblo to decide in any given instance whether or not 1t is justifi-~ 
able to assume elastic stressing in computing bending stresses from 
the applied force and specimen dimensions, For example, when the 
shape of the stress ~- strain curve or load ~ deflection curve is 
affected by the rate of stressing at elevated temperatures, it is 
necessary to determine the curve at a rate of stressing the same as 
that oeeurring in the fatigue test, Creep oceurring during a ealibration 


at a slow rate of stressing, referred to as a static calibration, may 
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give w nonlinear stress~strain relationship whereas, if tine 
for creep were not aWailable because of the high rate of stressing, 
the relationship may be linear up te mueh higher stresses, 

With reference to the fatizue strength of perticular alloys, 
Toolin and Mochel (132) plotted 70 fatigue curves at 1200 and 1500F 
on severai high texperature alloys, At 100 million cycles, the 
fatigue curves of moat of these alloys approached a straight line 
on the standari sevilogaritlwic stress ~ cycle diagram. The slope 
of this straight line section of the dla-ram varied from alloy to 
alloy. The wrousht form of the alloy appeared to clive higher fatigue 
strength at 1200 amd 1500 F than the precision cast form, Fatigue 
fractures of the wreught materials were, in gararal, transerystalline, 
Alloys with higher beforu -— test rardness showed superter enduranee 
proporti ex, 

Evang (30) found that with a 12 Cr alley at 1000 P stress 
cycle curve was stlil falling at. 500,000,000 cveles (for the 
frequency used ~ 1158 hours), 

Cress (40), using a Krouse direct - stress machine with a 
strese amplitude of ~ 15,000 pai aot 1350 F on forged 3-590 and N-155 
(lew carbon), found ductile fractures with reasurah).e elongation and 
necking down, The time to rupture i: the fatigue test closely 
approximated the constent—-stress to rupture time, This would indleate 
at Least for this particular experinent that cyclic stress had no 


effeet on the time to rupture, 
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With reference to the previous statezent made regarding 
the possibility of more severe stress conditions at the root than 
at the blade tips, Bobrowsky (14) successfully operated a roter with 
3 cerawal blades and 139 alloy blades at cas temperatures up to 
2000 ¥ and apeods up to 15000 rpm. Almost ainultansously with an 
inerease of speed to 17,500 rpe., all of the ceramal blades failed 
at the root where the temperature was quite low, 

Where damping is acecouplished by the mechanical blade-dise 
joint or by the inherent high damping capacity of the material iteelf, 
fatigue obviously is not a worrisome problem. llowever, the trend to 
welded joints and the fact that austenitic alloys (and post of the 
present high texperature alloys have an austenitic matrix) points to 
problems in fatigue since welded joints and austenitic alloys have 
poor damping characteristics, 

Wiikes (120) has found certain changes occurring in the internal 
damping of 5-316, Ineonel X, N-155, and Tixken 16 Cr = 25 Wi - 6 Mo as 
@ result of continuous vibration, For example at a peak stress of 
40,000 pal, the Ki and Co - base alloys showed a minimue damping near 
€00 F and a sharp rise between 1350 ~ 1500 F. The two iron-base alloys 
had maximum damping between 600 ~ 1200 F, a slight dip at 1350 F, and 
a sharp rise at 1500 F, N~155 and 5~316 indicated excessively high 
damping at 1200 F and above at stresses below ite fatigue limit. This 
high value however becane rapidly smaller as vibration was continued 
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to the extent that it finally showed loweat values of the four 
materials, This means that damping data obtained by more orthodox 
methods in short times may, in some cases, be greatly in error if 
used in choosing materials for gas turbine buckets, Consequently 
trouble would result in those designs where internal damping of 
the buckets is a major factor in lixiting vibration. 

Finally it may be said that the damping capacity of a material 
appears to be an inherent characteristic of the material. It is 
relatively unaffected by heat treatment or other procesaing variables, 
Ferritic materials have high damping capacity. 12 Cr steel has 
one of the highest damping capacities known. (30) 
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A- high thermal conductivity is a requisite in waterials 
expected to possess high thermal shock resistance, With materials 

of high thermal conductivity, it is possible to operate at higher 

gas temperatures then with materials of low thermal conductivity - 
ether conditions being the same. An experiment in which high tempera- 
ture alloy (metal), ceramic, and ceramal blades were mounted in a 
wheel and then passed through the flame from a gas torch for a 

given tine revealed that the ceramic became wiite hot, the alloy 
bright red, and the cermmal. a dull red (14). 





A low coefficient of expansion is desirable where close toler 
ances and cyclic operations are necessary. A low coefficient of 
expansion has such to do with the adherence of oxide films, In welding 
a low coefficient is desirable. Unfortunately many of the high temrera- 
ture alloys have coefficients as high as 1.5 times that of the plain 
carbon steel, The coefficients of these alloys increase with tempera- 
tures. For example, Cunninghaz has reported (24) that the Elliott 
turbine is nearly 1/2 ineh longer when it is operating than when it 
is cold, Due to this expansion at the high temperatures of operation 
the turbine must be balanced not only at speed but also under 
conditions of temperature. (Normal method of balaneing turbines 


for operation at moderate temperatures 500 - 600 F is a dynanie 
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balance at room temperature.) In the Elliott turbine expansion 
ie handled by having the turbine and its appendage fixed at ite 
exhaust end with all expanaion forced toward the inlet, where 
connections float by freely moving links. 


The specific cravity or density of the raterial infivences 
the magnitude of the stresses developed in the retating buckets dus 
to centrifugal force, 


Parke end (44) in the search for a suitable metal for 
operating temperatures up to 1600 F used the melting point of the 
metal ae the criterion for seleetion, It is noted that, although 
pure metals have higher melting points than their alloys, the pure 
metals do not usually have as good mechanical properties, Tungsten 
(He P. 6190 * e6 F) seered to be the ideal base. Unfortunately, 
tungsten - chromium alloys with exeellent oxidation resistance and 
high strength at 1600 F were too fragile and difficult to fabricate, 
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Figure 25. Plot of hindered contraction , stresses vorsus 
temperature. (48) 





Materials for use in gas turbines speci?7ically desimed 
for tranapertation which implies cyelic operation must. have a 
certain amount of resistance to thermal shock. WNorten (15) has 
summed up the properties required by saterials at elevated 
temperatures for rmarime resistance to therowi shock as: 

lL. High tensile stress 

2. High thermal conductivity 

3- Low specific heat on a volume basis 

he Low effective nodulus of elasticity (ratio of 

stress to strain at fracture) 

5. Low coefficient of thermal expansion 

6. Low enissivity 

7. low exterior conductivity (heat loss by convection 
at the surface) 

Resistance to fallure from thermal shock was determined by 
Bobrowsky (14) by heating elreular disks 2 inches in diameter and 
about 4 ineh thiek to a given temrerature and then quenching these 
disks in a moving atream of air. If a specimen withstood 25 cycles 
of shock at a given temperature, the test was continued at the 
next higher temperature for another 25 cycles to a maximum tempera- 


ture of 2400 F, The thermal shock parametcr was set equal to 


AK) (Boe) 
(z) 
where K thermal conductivity 
TS. tensile strength 


coefficient of thermal expansion 
B effeetive modulus of elasticity 


~ Th « 





ae es 8 eee 

jee tend Ellice fl eyt sett am of cep qo) Shale 
evened Pathe so ear Ie 
eet (aL) , 9 scent beer a ne 
asteneie a alareten yi Corie one Gum 
tenes 




















i 






ire 







anion sm 






=e LAE 





10m pe! 
mitewrnus ww seal 







Aa 





QW Deolesetoy aw 4 
thw Witt al th (AL) eteeurd se 
peor) poli coee mat ) tte 


mine 25 bones ai J" ob pe Sar te 6 we 
shdespy egies! we 
anautiidtions lies vans oD vatediahle olisl som ee 
otha bn enone Shep ABE Ly. 
en Lame — = 


sn (ts a 


Us (fom bs ores : 
yO Pe i“ =_ ~/ es 


weth welrouls 











b) 












A large value of the above parameter is indieativd of high 
resistance to thermal shock, 

Avery and Wilks (48) have plotted the stresses which result 
if the thermal contraction of an alloy is hindered, The plot shown 
in Figure 23 may serve two functicns: (1) It may indicate the 
magnitude of thermal stresses that can develop. (2) It prevides a 
quiek criterion for determining at what tezperature heat treatment 
must be conducted to reduce residual stresses bslow a certain level, 
Above the corresponding texperature point en the graph, any stress 
that is applied to an alloy will rapidly fail by plastic deformation 
to the value indicated by the curve, 

Henry (11) has remarked that substitution of fine grained 
material for coarser grained material permitted relief of thermally 
induced stresses by loval elongation at points of stress concentra- 
tion, 

NOTCH RESISTAKCE 

Siegfried (58) has aaid that heat resistant alloy steels tested 
at. high temperatures in notch impact behave like ordinary basie Bes- 
semer steel tested at low temperatures. Small cracks in the surface 
may slowly develop and lead to fracture without deformation, Schaub 
(51) has remarked that the liriting creep stress should be complemented 
by a corresponding test (creep) on notched test bars, In the notched 
test a stable material should not exhibit any tendency to embrittlement 


or to fissure formation in the noteh similar to stress corrosion, 
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There are a number of reasens why a clear cut ccrrosion 
oe, lates eee ae The rate of 
corrosion and oxidation of a material depends on many different 
variables, These variables are: 

1. Temporature 

2- Ambient atmosphere 

3. Composition of sateri al 

he Tlove of exposure 

5. Thermal shock conditions ~ coefficient of 

6, Kechanteal stress and abrasion —- 

7, Steady or fluctuating temperature and comrosition 
of atmosphere 

8, Nethed of reporting eorrosien lose or oxidation 

Gow (99) has sald: "Broal generalizations regarding the 
relative corrosion resistance of different alloy compositions based 
on the exrerienee gained in one type of application or on the results 
of teets conducted under one set of conditions are likely to be 
wrong in their implications when corrosion conditions other than 
those for which the observations were made are encountered," 

Harwood and Sehulman (101) have made a rather comprehensive 
report on current corrosion research which is being conducted under the 
auspices of the U. S. Savy. Oxidation and tarnishing are now recognized 


as electrecherical phenomena. Metal fons have been show to diffuse 
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outward through the oxide (sulfide or halide) flix as well as the 

less frequent diffusion of reactant (gasecus) ions inward. A 

grewing film may be compared to a current ~- producing, cell with the 
wetal-fllm interface (as anode) supplying cations and electrons 

for outward diffunion and with the attacking substances ~ film interface 
(as cathode) supplying the anions for inward diffusion, The film 

acts as both the internal and external circuit of a clesed cell. 

Metals can be divided into two groups for consideration of 
their oxidation products: (101) 

1. Lighter metals form porous oxides which have 
& oaller volume than the equivalent metal con 
sumed in producing these oxides. These metals 
generally exhibit a linear rate of oxidation 
at constant tenperature, 

2 Aluminum and the heavier metals form protective, 
non~porcus oxides of zreater volume than the 
equivalent metal consused, Many metals of this 
group exhibit a parabolic oxidation rate (inversely 
proportional to the square root of the time) 

Undex some conditions the oxidaticn process is 
preportional to the logarithm of time, 

Fundamental studies of oxidation and corrosion are being nade 
eurrently at several universities, At Illinois Tech (101) direct 
neasurenent of the rates of yas - metal reactions is being made by 
means of a gas voluxetric method with vas circulation under atmoanherie 
or low pressure. One of the initial phases was the study of electron 
potentials in growing halide and oxide layers, A study of the zone 
of metal phase consumption (loew between the initial surface of the 


metal and the surface of the 
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retreating retal phase) revealea that even in the cases where a 
scale grows by outward diffusion of the metal or metal fons, the 
ecale also must vrow o1 the other side towards the metal, Conditions 
of scale growth on both sides of the setal are dissimilar, Thus, 

the structure of the scale tends to be different. in both layers 
formed, Composition and structure of films are being inveatigated 
by cheuleal and metallographic examination and by electron diffraee 
tion studies, Several stainless stcels have beer excosed to varying 
oxygen atmospheres for different temperatures and tine treatuents, 
The oxidation precezs has been followed by welght measurements and 
diffraction studies, It was found that the oxide films formed in lew 
oxygen atrwspheres at 1800 F are nore protective to further oxidation 
than scales formed in higher ~ oxygen atzospheres, Zlectron diffrae- 
tion patterns have been obteined at the tomperature of oxidaticn. 

The high temperature oxidation products formed in oxygen and 
in alr in Cr steels, ranging from 5-268 Cr content, have been analysed 
by K-Ray diffraction, A regular variation of phases present can be 
correlated with change in oxidation resistanee, In contrast with pure 
iron, no FeO was found in the oxidation of iron « Or alloys indicating 
a possibile funetion of Cr in producing an oxidation resistant seale. 
Sinee it is recognized that the protection afforded a metal may not be 
dgoe to the bulk oxide acting as a mechanical barrier, but rather to some 
srvecial properties of a relatively thin Layer next to the setal, film 
stripping techniques are being utilised to examine thin films by 


transmission electron diffraction. 
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At Carnegie Inetitute of Technology (101), the diffusion 
mechaniems operating during oxidation processes are being studied 
by means of radioactive tracers, It 1s ;ossible te Istervine if 
it is iron or oxygen which diffuses through the oxide layer during 
the sealing of iron, In brief the method is of electroplating a thin 
layer of radioactive Lron on a polished surface of ;ure iron, The 
specimen is then oxidized under controlled conditions, The distribution 
of radioactive iron through the scale indicates the nature of the 
diffusion process. 

At Stanford University (101), a program is underway to deter~ 
mine if atmmenherie resetions have an inportant effeet on stress - 
rupture properties of high temperature alloys, Then by the use of pure 
retals, the mechanism and nature of these effects are to be studied, 
The results to date have indicated that atrosoherie reactions have a 
definite effect upen high temperature atrength properties of metals and 
alleys. The program will also inelude the study of the effeet of 
strain rate on the exbrittioment of pure metals subjected to striee 
rupture tests in active and inert atweosrheres at elevated texperatures 
in order to determine if the reduction in ductility is due to environ 
ment or effect of low strain rates and Ligh temperatures, 

Prov the above discussion, it would appear that very little 
fundamental study has been done in the field of corrosion. This is 


not so however. Hickman (95) (6) and !U%ehman and Gulbransen (9) 


qeientiiy WAP (OM) -qinifestue? Ws edie! ete ee 
fal brde pote! eve eemessen, caddchies gelyat petldatece evelanree 
ee hk ee ee 
BP ue AeA ebes Ale A Oey TES Ueda negruse i earn OF Ut 
advid J Watdelyeetoats te of Satter dt Tur nik test Le tents war 
polit teeth 68T . woot thove fe llevtrse wee bee thties cmets 92 mutoaye 
wd Ss eeu wit stro ted wliet el? qwerty Wire! oF Limeeibet Ts 
ee ot bee ce 9 fee os, fee oul TI 
ie Se Yarniee sberque # (itl) Gu ee 
knee me B9BY theme Re te oul cm btaeee remitted Gate 
Ge ee ee 















Ye devine Ger Ye whlbde Ot aiecae! tds Uhr Gee: ert watotl 

“eerube WT Radway aleve ned be dememledortee 64) oe wire atetts 
ewustemered bedsvale te srreiyeorse brent wae uvides 2 etent etecyn: 
Leet Bees of “arb 41 a/Lrzbevin UP Watraends 08) Werteretet of rete vl 


io’ = 


erwek et AA be Mader MEETS wel Se toile He tom 
"Weed quo Any Sous ALSO Sf yothusomedts wrew HO wont 

gf al? Vanteeried Yo HIN Bar at oooh need pet qe) teeter) 
(9D) Recerriliey ee imate tee C8T) (OG) nami terme ow ree 





have reported a nuzber of electron diffraction studies on stainless 
steels 301, 4h6, S-5U8, nichrome, inconel, etellite, refractalog, 
nipernik, kovar, and hastelloy, Hiclmwan (95) used the reflection 
electron diffraetion technique in studying the structures of the 
oxide films on tha above netals at elevated temperatures, The 
observations were made at elevated temperatures and after the 
metal had byen cooled from the high tomperature. The following 
results were notels 
(1) The oxide which formed on most of the alloys 
es Gs, 
(2)In general, oxides of iron are observed at low 
temperatures while oxides containing Cr appear 
as the temperature is elevated, 
(3) Heating and cooling experiments show that solid 
phase reactions oceur during temperature eyeling, 
(4) There does not appear to be any correlation 
between the structure of the alloy substrate and 
the oxides which may form on its surface. Both 
austenitic and ferritic alloys form Cro, and 
spinel type oxides, 
(5) On those alloys which contain Ni and Cp (nichrones) 
and those which contain Co and Cr (refractalloy 


and stellite), oxides of Ni and Co 
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aré observed at low temperatures while Cr oxides 
appear as the temperature is raised, 
Hiekean and Gulbransen (94) found that, if the oxide coating 
of these alloys was protective to the alloy at temperatures in 
excess of 1300 F, the structure of this protective coating is of 
the spinel type. 
Hiekwan (96) has mentioned a number of factors important 
in determining the chemieal and physieal structure of the oxide film 
on the surface of an alloy, Some of these faetors not previously 
mentioned ares 
1. Thermodynamic stability of the oxide 
2 Lattice type of the oxide and its resemblance 
to tho metal or alloy latties. 
3. Preexidation treatment of the metal such as 
annealing, polishing, and cleaning. 
4h. Rates of nucleation and growth of the exide 
crystals, 
“4" above is unknowm, "3" has been estimated from therpmodynamie data, 
and "2" has been determined from diffraction studies. Some work along 
preoxidation treatment lines has been done by Vernon, Wormwell, and 
Nurse (97). The relationship of the lattice type ef the oxide to that 
of the underlying motal or alloy may determine which ooxlde will form. 
It is possible that a given oxide may have «reater probability of 
forming Lf its lattice watehes that of the netallic substrate. 


Goldsehnidt (9%) has shown that Fe) and Fe have lattices which may 


oy 
be realily derived from the lattice of abpha iron, while alpha 7€,0, 


~ 80 « 


eaten 2 hte eter Wilke bowery oe 
eat, a ere tamamegeils wh as umn 
wrSteny chive ats Te sci ewer (4k) emrlO0 oe eee 
nl neweereess Fa LA ae wy wOLESETON me tonlle ewets Ve 
Yt ol qetlare pvtisefowy ands “Le ematertiy aut. OCT Wo sewew. 
4.ec- 6 ca —— Cee ee 
feat etoncet to rede » bewntinee aed (UC) wei 
SLT shins GA! Yo saeterTdy Lneliusy bem Leodeniny th nstehevetel nt 
cimaiewig Fee wrsdal: axel to ened Jyoti te fo wodiene att us 
ee 
~ seers mars © 
_ Sees . 
ghdet abrerypecrret! forge Meercttee ound eer “TS ereccem af ern *y” 
prals (sus ew cede! > onthe) sh het kererwe ame can OO" bre 
Dem 4 ilemupcls gti T ys ent urea eae Gendt Wom ve! ook) ad) 
Sets ee dae ats Ve eyes waeldead atk to oiimmolmedet adi .( 10) eowe 
ancl iLie shine dotuw aabseleh qea qelis om Lefer pelt lteae wd be 
Ye 4filLijimoe wtets ees me hee aeelg o fend at eee of 41 
aavtetee eintes ect ‘to quot yotindse widens 66) LL cere! 
Wn eit sesidtel oxas oe) tee aak esd ewe amt (|) dibetet iol 
lyst Bele ati ,ctend gis te eke! ats eel yowluer (lime ee 






















~ & . 


has a rhombohedral lattice whieh differs considerably fror that 
of the body ~ centered cubi¢e alpha Lron,. aporinemtally Pu.0, 
and FeO are found in contact with alpha iron while alpha FeO, 
is not. Binary alloys present added difficulties in co»parison 
with the metals since the oxides which form may be covplex and 





contain the two netale or solid solutions of various oxides 

of the two metals. Investigaticns of binary alloys have show 

that it is not possible te predict the oxide that will form on the 
surface on the basis ef the thermodynamic stabilities of the several 
possible oxides, Oxides of some of the elezents, silicon and sirconiua, 
are not observed in the outer surface of the oxide layer. Oxides of 
one metal (in a binary alloy) occur at low temperatures, while oxides 
of the other metal appear at higher temperatures, The problem of 
identifying an oxide on the surfaee of an alloy may be extremely diffi- 
eult if two or more of the oxides below are present sinultaneously, 
fhe reason for this difficulty is the sictilarity in structure and unit 
cell sises which results in the same distribution of diffraction lines 
and intensities of these lines. The similarity in structirs alee 


increases the probability of solid solution of one oxide in another, 


Oxide afA) 

CoO. Co..0 coe ef 

FeO. A130; 6.12 

NEO, Cr305 8.31 

CoO. Cr. 03 te 032 

NiO. FeD 83h 
etc. 
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Correlation of oxidation rate with the constitution of 
the oxide coating should be wade in order to determine which 
additions should be made to the base material for best oxidation 
resistance (li). 

and Kelonald (100) rave said that temperature 
increases the rate of sealing 1.2 to 2.() times per 18°F temperature 
increase providing the temperature differences are not too large and 
the save oxide phase is being formed. 

The effect. of the pressure of omyven, in the case of oxidation, 
acts differently in various presaure ranges, At very low oxygen 
preasure, the dissociation pressure of the oxide scale may be higher 
than the external oxyyen pressure. Under these eonditions seale does 
not form. hen the external pressure exceeds the dissociation pressure, 
scale forms, If an oxide is present in a closed system without an 
additional supply of oxygen, ani another metal is placed in the came closed 
system, then the oxide may dissociate giving off oxygen and the 
second metal may oxidize providing the conditions deserlbed above 
obtain, 

The corrosion behavior to be expected of an alloy cannot be 
predicted fro: known corrosion behavior of component elements and 
the proportions of these elements in the alloy (99). In Fe-l<Or alloys, 
the optimus Hi or Cr content for eaxinmum corrosion resistence varies 


as the Ni or Cr levels being considered are altered. Also the optimum 
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amount of Ri and Cr vuries with the temperature being considered, 

Co, #, anc Mo while: nave relatively poer oxidation res! stance 

in particular amounts in Fe - Cr ~ Ni alloys (99). However, if 
volatile oxidation products are formed such as We or Hed, the alloy 
nay have lower oxidation resistance as a result of the addition of the 
tungsten or wolybdenvm (103), 

Perhaps the mest clear cut statement that one can make about 
the oxidation of high temperature alloys is that the resistance te 
oxidation ir a function of the chromius content. Since most of the 
high temperature alloys have an eustenitic matrix, an increase in 
chrosdus content as operating temperature increases necessitates that 
nickel or some other austenite stabilizer be increased to maiotain 
the austenitic structure. Gow, Brasunas, and Harder (43) made corrosion 
tests of Fe - Ni = Gr alloys in air at 1600 te 2200 F, They found that 
Cr content is considerably more effective than Ni content in resisting 
oxidation at 1600 F, Two general composition ranges where optimum 
corrosion resistanes was obtained at 1400 F and 2200 F were 26 Cre20 Ni 
and 16 Cr = 60 Ki. 

Lincoln (2%) has listed the following percentages of Cr as 
being necessary in Cr — Ni steels to resist excessive oxidation at the 


indieated temperatures: 


Gx Temperature 
12% 1300 F 
16% 1500 F 
27% 2150 F 
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In addition to oxidation in general, decarburization, 
carburization, nitridation, interdendritic or intergranular 
penetration, and selective infiltration attack may oceur, The 
presenes of carbon in eonbustion gases as unburned hydrocarbons 
er in other forms may cause the carbon to diffuse inte the 
eteel at an appreciahle rate at texperatures in exceas of 1300 F, 
The wifortunate thing about carbon in a chrormiun steel is that 
earbon combines with sixteen tines ite welght of Cr te form 
Ghromiw: oarhides., Thus in the vielnity of these carbides the 
matrix nay be depleted below the amount of chromium needed for 
oxide seale) at the rarticular temperature, Lincoln added 1.7 Si 
to a 25 Cre20 Ni steel and then exposed the steel to a carburising 
ateospnere far 160 hours with cractically no earburization. For 
the optimun resistanes to carburization, straight chromiw steels 
whieh are completely ferritic are recosmended, 

Sulfur present in combustion gases @ither in the elerental 
foru or as HS attacks steeis with nickel content. The sulfur 
forms with the nickel a Ni-S eutectic which melts at 1193 F, Lineoln( 28) 
has found that in atewespheres whieh are oxidiging and in which the 
sulfur remains as tL, there ia elight attack on straight chromium 
steels cor steels with low Ri content. Under reducing conditions 


with sulfur in the form of KAS, there is serious attack at elevated 
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temperatures particularly if the steel contains nickel, Stauffer 
and Kleiber (92) (102) feund that in sexe cases, high sulfur com 
buetion geses caused iess scaling than low sulfur gases, They — 
attributed this to the great ecatter in the test results, 

One of the discouraging things about expressing a corrosion 
index of a wetal aside from meeting the controlled eonditicns 
of time, atrosyhere, and temperature already mentioned is that 
the weight lest sethod is subject to great excerimental error, 
For example, Gow, Brasunas, and Harder (/3) could not get a completely 
metallic eurface on Fe-Hi-Cr alloys after repeated and prolonjyed 
desealing, McCullough (93) hae sald that desealing (associated with 
weight lost) is not satiafaetory for long-period teste where descaling 
will not indicate subsurface destruction due to intergranular attack 
and decarburisation. Nevertheless, sorrosion data is expressed as 
“crams lost per ineh” per day” or "inches penetration per year," 
The German eriterion fer corrosion resiatance of steel for gas turhine 
hiades during World War II was that at the given temperature the 
tested steel had to show a loss not greater than 1 gram per hour per 
square meter, and at 90 F above that temperature a loss not sreater 
than 2 crams per hour per square meter, The above figures appear te 
be very arbitrary and at the best probably have very restricted 
engineering applicability. 
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The pachanical testing of the high temperature alloys 
for dynamic applications only emphasizes how Little tnfornmation 
is aotually obtained from such tests as creep, tensile, and 
fatigue with relation to performance in servlee, Sweeney (22) 
has said that the general belief today is that laboratery 
mechanical test data only serve ea indications of the uses fer 
whieh an alley appeare to be suitable. At the present time, 
the final cholee of material is dependent only won long-tine 
service testing in the turbine unit. As an example of the Lack 
ef agreement on amy one alley for a specifie applicetion, Sweeney 
bas eald that of the five cobalt base alloys which liames Stellite 
Company makes for precision - cast turbine blades Allison thinks 
number 2) alloy is best, Westinghouse hes always used number 23, 
and other turbine builders feel that alloys number 27, 30, or 31 





ave better, 

Badger (25) has deseribed the service testing of wheel 
materials in whieh the wheels are unbucketed to failure in 
a high-speed vacuus stand. About 150 wheels were burst to determine 
the relative quality of various manufacturer's wheels and to svaluate 
X-Ray, syflo, end supersonic testing, In general, it was found that 
X«<Raya were effective in locating internal pipe or blowholes but 
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ineffective in detecting Cine cracks. Zyglo was effective in 
detecting surface imperfections. Supersonic testing was effective 
in detecting cracks or voids too small to be found by X-Ray. An 
effort was made to correlate failures with the stress-rupture 
properties, damping capacity, and fetigue resistance, It seemed 
that the design and eperating conditions influenced the nature 
of the failures, In the turbosuperchergers, for example, the 
buckete were more effeetively damped than in the aireraft cas 
turbine buckets, Bucket bands in the turbosupercharzgers touched 
and in eome cases were upset by expansion. In the buckets without 
the damping effeet, there is some correlation between failure in 
the service test and the high temperature fatigue strength, 
Saldin and DeHuff (55) have said that the advantages of 
running bladed dises in an actual engines test are: 
1. Identical conditions of normal engine cperation may 
oe duclicated, 
2. No additional testing equinment is needed 
There are however many disadvantaces: 
lL. Optimus rersonnel safety is difficult and costly. 
2. Costly engine “arage oeeurs in case of prerature 
failing of even a minor part 
3 Rotational speed 1s limited by other engine parts 
Le High operating costs 
5. Temperature measurenents are difficult 
6, Desien and configuration of the equipment is inflexible 
7e There is little independent control of variables 
8. There ie diffieuwlty in repeating test conditions and 
results 


9. Measurement of creep ie difficult without extensive 
engine teardown. 
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Stewart and Ellinghausen (13) have deseribed the comparison 
of high temperature biaade materials in a type B turbosupercharger. 
Twelve different alloys were tested as blade material. 142 blades 
of beth wrought and preeision cast alloy blades were mounted in 
the rotor disk of a type B turbosupercharger, Diesel o11 was 
the fuel used, fest runs were made at 1200-1500 F fer 50 to 150 hours. 
After cach test run, the supercharger was removed fron the test 
stend and taken into a constant temperature roo: where measurerents 
were made to determine the permanent extension in the blades and 
roter disk, Stewart and Ellinghausen (13) report what ean happen 
in a service test as follows: " No new blades of high-strength 
alloys were available for replacement, and a set of vitalliun blades 
was taken fron a standard rotor for thls purpose. This proved unfortue 
nate as one of the replacement blaces falled during the second 50 hour 
test run at 1500 F. — The failed blade segment damaced a considerable 
number of blades in the rotor, Forty-five of the damaged blades were 
removed and repleced with new vitalliuwn blades. 

Renewal of forty-five blades and damage to the reference circles 
made it necessary to reestablish the reference marks, renew the bear— 
ings, and balance the roter." 

An interesting point about the results of these tests was 
that two of the alloys which showed the maximus resistance to deforma- 
tion at 1500 F in the laboratory cresp tests stood approximately in 


the middle of the group tested in the supercharger, Thus it seems 
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that one of the aajor objectives in high temperature metallurgy 
is the development of a laboratory test for evaluating materials 
that will correlate with service experience, 

Recently Hoffman and Ault (105) made a study of the applica= 
tion of statistical methods to the evaluation of pas-turbine 
blade failures, Rowtine laboratory tests are usually applied te 
newly available materials to rate them upon the basis of stress - 
rupture strength, creep rate, fatigue life and other properties. 
These data are valuable in the selection and development of materials 
in that they furnish a relatively fundasental basis for comparison 
and study. But, as has already been pointed out, the data are 
difficult to apply directly for service use because they fall to 
indicate the effects of complex conditions of stress, temperature, 
and atnogphere that exist in service. In order to arproaeh service 
conditions, simulated serfice tests, simplified to redues the number 
of variables and to improve control of variables are emrloyed for 
evaluation of materials before use in service avplications, If it 
were possible to corrvlate failures in the service test with failures 
in the laboratory test, it would be possible to eliminate much of 
the expensive service testing. For example, if a service failure 
can be attributed to fatigue or stress rupture, then the fatirue 


properties or stress rupture preperties would be the important 
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criterion in the laboratory test, 

Hoffean and Ault (105) determined the frequency (distribution 
of time until failure of 142 cavt cobalt base turwine blades mounted 
in each of two discs. In one wheel, the entire 142 blades failed, 
In the other wheel, 64 of the bladey failed, The blades in the 
first wheel had an average life of 25.5 hours with a standard 
deviation of 11.5 hours. With this large standard deviation may 
be mewn Wee Bhidew of mmking vesy fen tests to Whdlc Ste. The 
results of very few tests might place at one extreme or the other, 

Reynolds, Freeman, and White (62) have said that erratic 
results in rupture tests at 1200 F on 19-9 DL were probably due te 
variation in sample lecation and partially to an inherent erratic 
characteristic associated with low deformations in the materials, 
They recormended sufficient tests to obtain a cood average curve 
of strese against rupture time, 

Mille (107) in diseussing the design of a teat couson found 
vy statistical analysis that when good sicelmaking, forcing, and 
heat treating practice had been established, there was as much 
variation in physical properties within any single forving as within 
an entire heat treatment batch. Tests from the end of any given 
forging thea were no better criterion of the material in the center 
of that forging than were the teste from another forging of that 
heat treatient batch. Statistical metheds for studying the properties 
of wrought steel products have been civen in a series of papers 


frov. the Carnegie Institute of Technology. 
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ture testing lave been described previously. Further information 
may be found in references (13), (61), (71), and (106). 
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Figure 24. Stress and temperature distribution in 
a diso of 19-9DL rotating at 16,500 rpm. (55). 


slip rings where strain gage signals were transmitted to a cathode 
ray oscilloscope, 

The present designs of the Elliott ras turbine are based 
en the maximum stress theory of failure. The evaluation of the 
working strees is made om the basis of the stress - to rupture 
test in simyie tension at elevated temperatures, On the basis 
of what has been said, 1t would apnear that the cesizn of the 
gas turbine js an undertaking involving many approxipations, 
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in Figure 22 was shown the stress distribution in a 
blade. Figure 24 depicts the stress dietribution in a dise 
with 150 F temperature differential from eenter to rin rotating 
at 16,500 rpm. As with the deseription of the stress distribution 
in the turbine blades, the stress problem in the disc is very 
complex, The dise is eublected to heat by conduction from the 
blades and may in some cases be directly heated by the cc=bustion 
gases, The temperature differential existing between the center 
of the dise ani the rim causes a differential expansion which intro- 
duces a systex of therwal etresses that corbine with the centrifugal 
stresses due to rotation (118) (122). 

The elastic theory for disks operating at high temperatures 
for extended periods of time is corpletely inadequate, The accurate 
solution of the growth of turbine disks is an important and difficult 
problem. While the final stresses depend only on the state of creep 
ultimately reached, the growth depends on the entire cyele of life (123). 

pDAffievlties connected with experimental stresa analysis of 
dises and blades are great. (118) has described how high 
temperature wire-resistance strain races were mounted at the bases of 
several blades and the vibratory stress of the blisde was recorded 
during operation. Several components of the turbine were modified in 


order to provide passage of the wires from the strain cages to the 
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A number of factors which must be considered in evaluating 
high temperature materials have been diseussed, The little that 
is known and the crest enount of unknown information coneerned with 
these tests and properties has been -ointed out, Warning was given 
at the outset that nif of these factors ean be considered individually 
since interaction and interdependence are important in the increase 
er decrease in the units of measurement expressing the quantitative 
measurement of the property. ‘Stress, strain, time, and temperature 
must be considered aimultaneously when evaluating materiale at high 
temperature, This factor is the explanation why the obtaining of 
data is difficult and exrensive, 


Some rather obvicus future requirements are: 


1. Coordinated programs of research 

2, Fwmdarental research on mechaniem of creep 

3. Studies of corplex stress systes at high 
temperatures 

he Study of the effects of lon: periods of stressing at 
elevated terreratures on the stability of materials 

5. Statietieal methods of experimental analysie 


in the loterim, the desicner of sas turbines must exercise 
careful jwigment based on empirical relationships, adequate rargins of 
safety, and on his ability to discern if a particular test or test 


nethod 1s applicable, reliable, and trustworthy. 
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